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New studies on active nit^ge|i 2 8. OCT, 
I. Brightness of the after-glow under vi^^c(WQQ4;itions 
of concentration and temperatOTifcj,^ B R A 

By Lord itAYiiBiOH, F.R.S. 

(Revived 3 May 1940) 

Thw iiaper examines quantitatively the behaviour of nitrogen gas 
emitting the after-glow, imder varied conditions. 

The mtegrated light emit ted under the most favourable conditions has been 
measured as 3-18 candle-sec. perc.o of nitrogen, the (rarefied) nitrogen being 
reckoned as at N.T.P. The number of quanta emitted ts estimated as about 
1-3 X 10“* of the number of molecules present. 

It 18 concluded, in agreement with l^eser, that the addition of unexcited 
nitrogen to glowing nitrogen mcroases the (instantaneous) emission. It was 
found that a fivefold increase of total pressure produced about a fivefold 
mcrease of brightness. Tliese tests were earned out at very low luminous 
mtensitiee, when the spontaneous decay was negligible during an experiment 

If the active gas contamed m 1 hire of weakly glowing nitrogen is allowed 
to dififuse quickly into an additional 1 litre volume of mtrogen, so as to dUute 
it by half, the candle power per unit volume is reduced about 4>3-fold. This 
IS a fair approximation to the value 4, which would be expected if the 
reaction were bimolecular as regards active mtrogen, and is m agreement 
with the conclusion which has generally been drawn from observation on the 
rate of decay of the luminosity in closed vessels. 

The effect of compressing the glowing gas has boon ro-oxanimed, using a 
solid piston moving in a oylmder. It is now found that with the improved 
arrangements the brightness vanes as the inverse cube of the volume. This 
IS the logical conclusion from, and confirmation of, the previous experiments 
m which the concentration of (1) the mert mtrogen, wid (2) the active 
mtrogen, are separately vsned. 

A further test was to exfiand the glowing gas into a doubled volume 
which was earned out by lettuig it pass mto a supplementary oxhauated 
vessel. This was expected from the previous result to reduce the mtensity 
8 tunes, but in fact did not reduce it more than 7 times The gas was therefore 
somewhat bnghter after the expansion than had been expected. Most 
Bourcea of error would have the opposite effect, and there is an outstanding 
discrepancy in this result 

The efiert of temperature on the nitn^n after-glow is examined quanti¬ 
tatively, mamtaining the cooler and hotter portion m pressure equihbnum. 
Cooling to liqmd air temperature, foi* instance, increases the brightness some 
80 times. I^t, but not all, of this is due to the additional concentration. 
Assuming (in accordance with the compression experiment) that the bright¬ 
ness is as the cube of the concentration, and coneoting the results to 
uniform concentration, it is found that over the range examined the 
brightness vanes as T-***, when T is the absolute tempendiure. 

The positive temperature effect on ordmary chemical reaction corresponds 
to sametbing more like r*'“. 
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1. NuMBKB or LIGHT Q1TAHTA BMITTBD BBIATIVIE 
TO HUMBBR Of MOLBOULBS PBBSBNT 

Whatever view oiay be taken of the processes preceding the emission 
of light by active nitrogen, the final emission is without doubt by excited 
molecules. It appeared of interest to determine how the number of excited 
molecules emitting light would compare with the total number of nitrogen 
molecules present, when the after-glow was as bright and as persistent as 
it can easily be made. The number of emitting molecules is taken to be the 
same as the number of light quanta given out in the whole course of decay. 

In order to determine this number by any photometric process, it is in 
strictness necessary to take into account that they are not all of the same 
frequency. The after-glow siieotrum consists chiefly of three heads of the 
first positive mtrogen bands. The maximum luminosity of the visual spec¬ 
trum is at A 5550, and the wave-lengths of the bands in question and their 
luminosities in terms of this maximum are as follows (Walsh 1926, p. 471): 

Colotir Wavo-length Luminosity 

Orann 5371 0-930 

Yellow 5802 0-870 

Red 6261 0-321 

The question may be raised whether the a system of bands have groat 
energy in the infra-red. The photograph by Kichlu and Acharya (1929) 
on a neocyamne plate show the infra-red bands in the region 7500-0000 
very feebly compared with any of the visual bands 6063, 6371, and 6766, 
in spite of the fact that the plate is sensitized for the former and not for the 
latter. We may fairly infer that the infra-red contribution is not important. 

If the light emitted were all of the wave-length 6500, which is the point 
of maximum luminosity in the spectrum for a normal eye, we could express 
it in terms of energy by using the “mechanical equivalent of light” 
1-6 X 10* W per lumen (Ives 1924). 

Since the wave-lengths actually m question are of less than the maximum 
luminosity, the measured emission of light will lead to an underestimate of 
the energy, and hence of the number of quanta reckoned on the basis of 
A 6660. Moreover, the quantum energy of these bands (with the exception 
of A 6371) is less than the quantum energy of A 6660, so this again will 
probably tend to an underestimate. Nevertheless, the corrections which 
should bo introduced are probably not very imjiortant, and could not be 
found without a difficult spectrophotometrio analysis of the light. They 
will therefore in the first instance be ignored. 
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It is oonvenient to oaloulate aa a standard datum the total emission in 
oandle-seoonds to be obtained from 1 o.c. of excited nitrogen, at N.T.P., 
supposing that each molecule gave out one quantum of light A 6560, wave 
number 18,000 cm.-^. 

The quantum hv = 0-55 x 10 « x 3 x 10 >» x 18,000 
= 3-573 X 10 '» erg. 

Multiplymg this by tlie nutnber €>f molecules in c.e., 2-75 x 10 ^*, we get for 
the total emission 

0-73 X 10» erg. 

Xow the mechanical equivalent of light is 

1-6 X 10 -* W per lumen, 

or 47 r X 1-6 X 10-* W = 2-02 x 10 * W per candle, 

or 2-02 X 10 * erg per candle sec. 

So that 0-73 x 10’ erg will yield 

9-73 X l0’/2-02 X 10® candle-sec , 
or 4-82 X 10* candle-sec., 

which is the desired datum. It may be regarded as a kind of theoretical 
maximum for integrated nitrogen after-glow. 

We have now to consider what fraction of it is actually jdelded in practical 
oases. It is scarcely necessary to say that in such cases the nitrogen will 
not be at N.T.P., but highly rarefied 

There is a technical difficulty in getting the brightest possible after-glow, 
combined with the longest duration. For long duration we require to have 
the walls coated with sulphuric, or phosphoric acid, to minimize the wall 
effect (Rayleigh 1935 , p. 509). But a vessel so coated is unsuitable for 
generating active nitrogen, because the discharge decomposes the coating, 
and contaminates the nitrogen. On the other hand, time is required to pass 
the excited gas from a clean to a coated vessel, and during this time the 
greatest brightness which contributes largely to the integrated total is lost. 
A compromise was adopted, which practically amounts to coating part of 
a composite vessel. It was found satisfactory. A small dask of 300 0 . 0 . 
capacity with clean glass walls was used for generating the active gas. It 
was fastened with plasticine into the neck of & large globe 19 1. capacity 
(figure 1 ). The pUstioine was applied outside, in the re-entrant an^e, so 
that the gas had little access to it. The neck of the small flask, which pro¬ 
jected into the large one, was about 4-3 cm. in diameter. 
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The glowing gas was generated in the smaller vessel, and passed into the 
larger one by diffosion, and by a kind of pumping action caused by the 
intermittent discharge. The walls of the 
larger vessel were coated with gummy 
phosphoric acid, and some undeliquesoed 
phosphorus pentoxide lay on the bottom. 

The coated walls, kept dry in this way, 
are favourable. The uncoated walls of 
the smaller vessel are lees favourable, 
but the area of this is comparatively 
small, and the aggregate result was 
satisfactory, the glow once generated 
remaining visible for several hours. 

Preliminary photographic tests were 
made to determine what was the best 
pressure to use, in order to get the highest 
ratio of integrated light to gas density. 

The plate was expose<l for the whole 
duration of the after-glow, and inte¬ 
grated the light automatically, well 
enough at any rate for approximate pur- 
jtosoH. The number of excitation given 
was inversely os the pressure. In this way 
it was found that a pressure in the 
neighbourhood of 0*2 mm. was beat with 
the discharge arrangements used, and 
this pressure was adopted. 

The light of the exciting discharge was Pioums l 

cut off by covering the small bulb, and 

also the neck of the laige globe with opaque material, so that only the 
after-glow light in the large bulb was able to emerge horizontally. The initial 
intensity could thus be determined while the exciting discharge was running, 
which is advantageous. Although photometric observations can readily 
be made as the glow decays through a given intensity, it would be difficult 
to begin observation at the exact moment the discharge was turned off; 
and the first few seconds are all-important. 

For the photometry it was useless to attempt any great refinement, and 
the simple method of Bouguer’s photometer with a diffusing screen was 
used. A wooden cube had two adjacent sides coated with white paper, 
the comer forming the photometric edge (figure 2). One side was illuminated 
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by the afber-glow bulb, and the other by the standard source, a small 
incandescent lamp measured at the National Physical Laboratory. 

The following was a typical experiment: 

Time (see.) Candle power 
00 1 06 

2-4 0-3S9 

4-2 0-203 

6 4 o-oeo 

0-8 0-051 

22-4 0-013 

From these data the time integral was determined graphically as 
3-18 candle-sec. 

Although the luminosity in the bulb remains visible for hours, its equivalent 
duration at the initial intensity is only about 3 sec. The prolonged faint 
luminosity contributes very little to the total. 

.-O-.0 

photometric V—/ 

edg« afterglow 

bulb^ 

Fionas 2 

In the above experiment the gas pressure was 0-216 mm. of mercury, 
and the volume 19 1. Thus the volume of gas reduced to N.T.P. is 6*08 o c 
and the light emitted 0-626 candle-sec. per c.c. 

We have seen that if every molecule present gave out a quantum, the 
light would amount to 4-82 x 10* candle-sec. per c.c. The actual emission 
is 1-3 X 10“* of this. 

I do not think it would be easy to get a very much larger fraction. It is 
believed that the wall effect was small, and the initial glow was very bright, 
judging from previous general experience. The only direction in which there 
is possible scope for improvement is in the use of more powerful discharges. 
This would require costly equipment, and it is doubtful whether the bright¬ 
ness would be much increased. Even if, contrary to expectation, the light 
were increased a few times, it would still remain a small fraction of the 
calculated maximum. 


Oh - 

standard 
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2. INCBBASING THB OONOBNTKATION 07 INBRT BITROOBB, THB 
OONCBNTRATION 07 ACTIVB NITllOOBN REMAINING CONSTANT 

The question of whether collisions with ordinary nitrogen molecules enter 
into the glow process suggests the experiment of adding nitrogen to the 
glowing gas, and observing whether any increase of luminosity results. 
I tried this experiment many years £^o (Strutt 19 x 2 , p. 266), but observed 
no increased luminosity, unless the nitrogen was introduced in such a way 
as to cause local compression. It was subsequently repeated by Bonhoeffer 
and Kaminsky ( 1927 ) who also got a negative result. Later, the same 
experiment was carefully made by Kneser ( 1929 ) who was able to observe 
an increase of luminosity, and interpreted it as proving that the tempo of 
the whole process was in fact conditioned by collisions with neutral 
molecules. 

I have not hitherto been completely satisfied by Kneser’s results (Rayleigh 
1935 , p. 583), partly because of the earlier negative results mentioned, but 
mainly because the results of experiments on the compression of the glowing 
gas appeared inconsistent with it. I have recently returned to the question 
and am now quite satisfied that Kneser is right. 

It appeared that if such a test was made in a large vessel under conditioixs 
where the decay was so slow that it did not make much difierenco from 
minute to minute, the enhanced luminosity, if real, must come into evidence, 
and remain visible for so long that local compression of active gas in the 
vessel could not possibly explain it. It was thought best not to aim at 
spectacular effects, but to design the exiieriment so as to give results of 
quantitative value. 

In this work the uranium photometer was used which has already been 
described (Rayleigh 1935 , p. 674). It is enough to mention that the 
luminosity of the gas is matched against the (weak) luminosity of potassium 
uronyl sulphate. This latter is stimulated by its own radioactivity, and is 
(xmstant in intensity. Equalization is effected by a series of calibrated 
neutral glasses. 

Two series of ex^ienmonts were made at different times. In one, a glass 
bulb of 12 1 . capacity was used, which had been washed out with weak 
hydrofluoric acid, allowed to drain, and subsequently exhausted over phos¬ 
phorus pentoxide. This bulb was uncoated The discharge was passed in it, 
at a low pressure, and the after-glow observed photometrically. When it had 
sunk to the same intensity as the potassium uranyl sulphate in the photo* 
meter more nitrogen was immediately admitted from a space between two 
taps, so as to increase the pressure about fivefold. The gas brightened up as 
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described by Kneser, and the intensity was measured as soon as possible, 
and its further decay observed. The following is a sample experiment: 

time (min.) 0 2-4 6*5 7 1 » 2 13-4 

logio inteasity 0*6 0-3 0*0 0-7 0 3 0*0 

t 

Gas admiasion 

The initial pressure was 3*4 x 10 -* cm , and the final pressure 17*4 x 10 “® cm. 
Increase of nitrogen pressure 6 * 1 times. 

Increase of light 5*0 times. 

Later the experiments were repeated, using the 19 1. globe coated with 
phosphoric acid, with discharge annexe uncoated (figure 1 ). This gave 
a slower decay of the glow, and allowed more time for making the observa¬ 
tions: 

I 

time (mm.) 0 0 8 6 16 4 26 0 28*0 28*8 20 7 31 0 32-1 33-2 

log ,0 intensity 09 06 03 00 06 04 03 0 2 0*1 0*0 

t 

(las admission 

Initial pressure 2*7 x 10 * cm. Final pressure 12*8 x 10 -® cm. 

In this case, no attempt was made at a very (juick observation of the 
increased intensity, but a small extrapolation backwards in time was made 
to detennine it (see figure 3). 

It was found that 

Increase of gas pressure was 4*73 times. 

Increase of light 4*.5 times. 

These experiments were made at very low intensity, the brightness, 
viewed along a diameter of the bulb, being about 5 x 10 ~* candle per sq. cm. 
which is near the minimum for satisfactory photometric observation. They 
indicate that the intensity is increased in the same ratio as the nitrogen 
pressure. Experiments made by admitting nitrogen to an after-glow some 
9 or 10 times brighter than this gave only about a twofold increase of light 
when the nitrogen pressure was increased 5 times. 

Knoser’s results were similar. He obtained (Kneser 1929 , p. 244) about 
a threefold increase of light when he increased the pressure tenfold, from 
6 X 10~® cm. to 6x10® cm. Evidently some disturbing cause comes in 
wliioh, it may be suspected, is more conspicuous with higher gas pressures 
and glow intensities. Probably the same cause would account for the 
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negative reeulta of the earlier qualitative experiments on this efiTeot: but 
1 have not attempted to probe it further, because other problems seemed 
more urgent. 



tune (mm.) 
Fioubb 3 


3. DlMINISHINa THE CONCENTRATION OF ACTIVE NITROGEN, THE 
CONCENTRATION OF INERT NITROOBN REMAINING CONSTANT 

In the experiment just described, we vary the concentration of inert 
nitrogen, maintaining the concentration of active nitrogen constant. I now 
come to experiments in which the converse charge is made, the concentration 
of inert nitrogen being maintained approximately constant, while the con¬ 
centration of active gas is varied. This is done by allowing active nitrogen 
to diffuse from a smaller to a laiger volume of inert nitrogen. 

Two flasks (A, B, figure 4), of 1 litre volume each, were moistened with 
strong sulphuric cMid, and fitted by means of ground joints to the two sides 
of a stopcock, C, of 1 cm, bore. The electrodeless disoharge can be passed 
in the auxiliary vessel, D. In making an experiment, the whole is filled with 
nitrogen at low pressure. C is closed, E re maining open. The discharge is 
passed in D, and active nitrogen x>a8seB into A by difrusion. The disoharge 
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is stopped, and the temperature and pressure allowed to settle down to 
uniformity. E is closed and the glow in .<4 is allowed to decay to a suitable 
intensity, as measured by the uranium photometer. The moment the chosen 
intensity is arrived at, C is opened. The 

glow then quickly difiPuses into B, and 'N. 

under the conditions used, this occurs / \ 

quickly enough for the decay during the ( ^ ) 

time of diffusion to be of small import- V J 

anoe. The intensity in A diminished, and \ ^ 

in B it increases, equality being reached ^ I 1 

in a few seconds. The light in £ is watched 

with the photometer, and its maximum | ^ / . c ~— 

intensity noted. ^ 

In making a series of such teats, it d .* I / 

would be possible after an experiment to * " f \ 

wait for the glow to fade away completely, / X 

and then to excite again: but this is waste- ( A \ 

ful of time. It is better to exhaust and \ J 

recharge with fresh gas 

The measurements, which have to be piomiB 4. (* actual size.) 
made quickly, are somewhat difficult to 

carry out at the low intensity of the uranium photometer, and a photo¬ 
meter provided with a phosphoresoent screen about 5 to 8 times as bright as 
this was used. It was of Balmain’s paint, exposed to daylight some hours 
previously, and remained sensibly constant during a test, which is all that 
is strictly required. Moreover, it remained pretty constant during a set of 
tests, so that the conditions of each test did not vary greatly from that of 
the others of a set. 


First sertes Nitrogen pressure 10~* cm. 
logio initial intensity 0*6 0 7 0-6 

logio final intensity <0 >0 <0 

Here we have log^o intensity ratio = 0-66 say 

Intensity ratio * 4'6 


Second series. Nitrogen pressure 7 x 10“* cm. 
logio initial intensity 0-6 0*6 0-7 0'6 

logij final intensity 0 <0 >0 0 

logio iiitensity ratio =■ 0'6 
Intensity ratio = ♦•0 
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Third teries. Nitrogen pressure 36 x 10“* om. 
logio initial intenaity 0-6 0-6 0-7 0*6 0’6 0'6 0*7 

login final intensity <0 <0 >0 <0 <0 0 >0 

login intensity ratio = 0-63 say 
Intensity ratio = 4*3 

In discussing these experiments it is assumed that the active gas, at these 
low luminosities, is a neghgible fraction of the whole. This being so, we con¬ 
clude that if the active gas contained in 1 litre of rarefied nitrogen is allowed 
to diffuse quickly into 2 litres the cemdle power per unit volume is 
diminished about 4'3-fold. This is in fair agreement with the value 4, which 
would be expected if the reaction were bimolecular as regards active nitrogen. 
It is thus in agreement with the conclusion which has generally been drawn 
from observations on the rate of decay of the luminosity in a closed vessel. 


4. Inceeasiho simultaneously the concentration 
‘ or active and inert nitrogen 

The results arrived at so far allow us to predict what should be the effect 
of compressing the glowing gas. Let unit volume be suddenly compressed 
to volume 1/n. This will increase the concentration of (1) inert nitrogen, 
and (2) the active nitrogen. The initial luminosity should be increased n 
times by ( 1 ) and n* times by (2). So that on the whole it should be increased 
n® times. 

This IS not in agreement with my own experiments, which appear to be 
the only ones hitherto made (Rayleigh 1935 ). These experiments were more 
cimsistent with an n* law, and the brightness certainly did not inorecMe os 
much as an n® law would nKjuire. 

I have returned to the question in the hope of clearing it up. 

In the former experiments the piston which compressed the gas was 
a nsing column of mercury, covered with a layer of sulphuric acid. It was 
found that sulphuric acid alone would not do, for the glow was extinguished 
as soon as the acid was caused to nse. This was attributed to gaseous 
impurities coming out of the moving acid. It is possible that even a film of 
acid may have acted in the same direction. Moreover, a liquid piston is 
open to the objection that it cannot well be started very quickly from rest; 
thus the compression takes time, and the question of decay of luminosity 
enters. It is true that in the previous work this was judged not to be of 
much practical importance: but in returning to the problem I decided to 
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use a solid piston, which can be quickly moved from its 
initial to its final position in the cylinder. 

Figure 5 shows the arrangement. A is the glass com¬ 
pression cylinder. Glowing gas diffuses in at from a 
store in a large bulb similar to that shown in figure 1. 
The piston C is of indiarubber coated with gummy semi- 
deliquesced phosphoric acid, which acts as a lubricant, 
keeping it tight, and helped it to move freely in the 
cylinder. The piston rod of glass moves up through a 
barometric column as shown. The handle D controls it. 
When enough glowing gas has diffused in, the piston is 
raised to a standard position just above the post B, isolat¬ 
ing the gas in the cylinder. At this stage the handle D 
rests on the lower of the two stops (not shown). Compres¬ 
sion was always to half volume, and it was made by raising 
it to an upper stop. This operation could be carried out 
by the assistant in a fraction of a second. The stopper 
E at the top is for the introfluction of the metaphosphoric 
acid lubricant. The same material serves to cement the 
stopper airtight. The whole cylinder is coated internally 
with metaphosphoric acid, to minimize the unfavourable 
effect of the walls on the glowing gas The photometer is 
applied near the top, its field being shown by the dotteii 
square. 

In working with this apparatus, it is necessary to make 
sure that the piston has enough lubricant on it for tight¬ 
ness The test of this is to raise it above the point B, and 
observe whether the glowing gas is able to diffuse past it. 
If not, the piston may be considered tight. This is quite 
a sensitive test, and is directed to the exact point at 
issue. 

The best experiments with this apparatus were made 
with an initial intensity about 4 times that of potassium 
uranyl sulphate. Since, however, we are looking at only 
3 cm. thickness of the luminous gas, this represents a 
much greater intrinsic luminosity of the gas than was 
used in looking along the diameter of large flasks or globes 
in some of the previous experiments. The initial nitrogen 
pressure was 2-7 x 10“*cm and it was compressed to 
twice the amount 



Fioubk 6. 
actual size.) 
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logu initial intensity 000 0 0 00 0 0 

logig final intensity >0*8 0-9 0*9 >0*8 <1-0 >0'8 0-9 <1'0 <1'0 
logiQ intensity ratio « 0*9 
Intensity ratio = 7-9 

Thus the experiments confirm, as accurately as could be expected, that the 
brightness varies as the inverse cube of the volume. As already shown, 
this result is the logical conclusion from, and confirmation of, the previous 
experiments in which the concentration of (1) the inert nitrogen and (2) the 
active nitrogen are separately varied. 

5. DuOKISHINO aiMtrLTAKBOITSLY THE COHCENTKATION OF 
ACnVB AND INERT NITROGEN 

Notwithstanding this apparently satisfactory result, it was thought 
desirable to try to get a further experiment linked with the others. That is, 
expansion of the glowing gas as a whole, instead of compression. The method 
used for carrying this out does not differ much from that used for the 
diffusion experiment. The apparatus is the same (figure 6). The only dif¬ 
ference is that the fiask B is exhausted beforehand with cooled charcoal, 
so that on establishing communication between A and B the glowing gaw 
passes out into a vacuum instead of diffusing into a nitrogen atmosphere. 
The photometer was used with the low luminosity of potassium-uranyl 
sulphate. 

Initial pressure 2 x 10“* cm. 

logio initial intensity 0-9 0-9 0-8 0-9 0-9 0-9 0-9 

logio final intensity 0*1 0*1 0*0 0*1 0-1 0*1 0*1 

log^g intensity ratio => 0*8 
Intensity ratio =» 6-3 

Initial pressure 5 x 10“* cm. 
logjo initial intensity 0*9 0-9 0-9 0-9 

logu final intensity 0 06 0 06 0 06 0 10 

logic intensity ratio = 0-85 
Intensity ratio = 7-1 

The diminution of brightness is definitely less than was expected. The 
intensity ratio should be 8'0 and it is not found in any single experiment 
to be more than 7*1. In other words, after the expansion the gas is brighter 
than t( ought to be in the ratio of at least 1 * 12 . That it really was too bright 
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was checked by putting the eightfold reduction on the photometer, and 
obaerving that in fact the expanded gas was brighter than the standard 
light so reduced. It is difficult to explain this result or to see how it can be 
fitted into the scheme of thought which serves to co-ordinate most of the 
others. Most of the complications which suggest themselves as possible 
would tend to make the gas less bright than the simple theory would lead 
one to expect. But here the final brightness is definitely too great, and it 
seems certain that there is a residual effect unexplained. 

6. Ekkkc'T of temperaturk change 

It was observed at an early stage of my mvestigations on active nitrogen 
that the glow became brighter at low temperatures (Strutt 1911 , p. 221 ). 
Fiu*ther, it was established that this effect could not be wholly explained 
as the result of increased concentration of the active 
material in the cooled part of the vessel (Strutt 
1911 , p. 262). It was, as pointed out at the time, a 
unique example of a reaction velocity being ac¬ 
celerated by lowering of tom()erature (Strutt 1911 , 
p. 264). 

Since then, a few other examples of such reac¬ 
tions have come to light. In particular, Bodenstein’s 
( 1922 ) measurements of the rate of oxidation of 
nitric oxide by oxygen have shown a negative 
temperature coefficient. It is of interest that this is 
one of the few examples of a termolecular reaction, 
and Bodenstein interprets his result as due to an 
increase in the time during which two of the partners 
remain in association which increases the chance of 
collision with the third partner. 

Since the evidence collected in the present in¬ 
vestigation points strongly to a termolecular reac¬ 
tion in the reversion of active nitrogen to ordinary 
nitrogen, I was led to a quantitative measurement 
of the temperature effect, such as could hardly have 
been carried out with the technique of the earlier 
period. «• 

A vessel of 300 c.c. capacity, shown in figure 6, actual size.) 

was connected to the 16 1. globe. It had two legs 10 cm. long and 1’6 cm. 
internal diameter. The glow passed into this vessel by diffusion. One of the 
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legs was kept at the ordinary temperature (15° C) while the other was 
heated or cooled. To take the most extreme ease when the cooling was in 
liquid oxygen (—183° G) it was found that the brightness which was greatly 
enhanced by the low temperature was uniform throughout the distance of 
7 cm. from the bottom, of which 6 cm. was immersed. It may be inferred 
from this that even the lowest part of the leg was still receiving a free supply 
of active nitrogen from the bulb above, and that the pressure equilibrium of 
this substance was not appreciably disturbed by its removal by decay in the 
upper part of the leg before it could reach the lower part. It is judged 
therefore that active nitrogen as well as the ordinary nitrogen with which 
it is mixed, is in pressure equilibrium in the bulb and the two legs. 
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The measurement consisted in comparing the intensity in the leg at room 
temperature with that in the other leg which was maintainoti at a higher or 
a lower temperature. The method of comparison was to view the legs in 
a direction which would bring them into approximate juxtaposition 
(figure 7). They were then equalized by making use of a series of neutral 
tinted glasses of graduated and measured density. A glass was held in 
front of the brighter limb. The density (logio opacity) of these glasses 
increased by steps of 0*1, and the measurement was made to 0*05, repre- 
sentmg about 12 %. 

Considering the huge difference of brightness, this simple photometrie 
method was adequate The temperatures used were 100° C (a bath of water 
just boiling), — 78'2° (solid carbon dioxide m alcohol) and - 183° C (liquid 


air). The results were as follows 


J.,uminosity 
reduced to 

Temperaturif 


uniform 

(“ Ab«.) 

Luminosity 

concentration 

373 

0-447 

0 97 

288 

1-00 

1 00 

]96 

4 47 

1-39 

90 

79-4 

2 42 


For experimental reasons, the brightness has been compared at a given 
pressure, rather than a given concentration. Before we can infer anything 
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about the reaction velocity at drSerent temperatures it is necessary to 
correct the results to what they would be if the local concentration in the 
cooled leg of the vessel did not occur. The concentration is taken to be 
inversely as the absolute temperature, and the light to vary as the cube of 
the concentration, in accordance with the general results of the earlier 
sections of this pajier. The intensity at a temiierature T will therefore be 
reduced to standard by applying a factor (77288)^. This is done in the last 
column, and it appears that the very striking difference of brightness which 
follows on cooling is largely though not wholly due to the increased local 
concentration. There is a definite negative temperature coefficient, even 
when the increased concentration has been allowed fur. The same thing 
was shown qualitatively many years ago by wholly immersing a closed bulb 
containing glowing nitrogen in liquid air, local changes of concentration 
being thus avoided The glow was brighter in this cooled bulb than in a 
similar bulb initially excited to the same brightness, which was not cooled, 
though the light did not last so long. 

The increase of reaction velocity with diminishing temperature which 
remains when the correction has been made is not very great, and in this 
respect the results resemble those of Bodenstein on the oxidation of nitric 
oxide. Over the extreme range investigated, his rates of reaction vary as 
The corresponding power for the present results is 7’-®'**, 

The iKwitive temperature effect on the rate of ordinary chemical reactions 
is enormously more marked than the negative effect on either of these two 
termolecular reactions. It often corresjiondB to a power 7’+*°®, or even 
more.* 


I have much pleasure in thanking my assistant, Mr R. Thompson, for the 
help he has given me in this work 
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II. Incandescence of metals in active nitrogen, and 
quantitative estimates of the energy liberated 

By Load RAYiiSiOH, F.B.S. 

(Received 3 May 1640) 


It is shown that pieces of sheet gold, oopp<;r. silver, or platinum may bo 
made red hot or even melted by exposing them to active mtrogen produced 
in a low-pressure dischaige. The nitrogen gives up its energy to the metal, 
which remains unacted on. 

This phenomenon is applied to measuring the energy of active mtrogen, 
drawing a known quantity of gas through the activating discharge and then 
over the metal, and measuring tho energy liberated on the latter. 

Tho amount of energy collected from the gas was surprisingly large, and 
is difficult to reconcile with existing theories of the nature of active nitrogen. 

In some oases the energy was as high as 10 oV for every molecule of mtrogen 
that passed through the discharge. This quantity of energy can with 
diffioidty be accounted for by dissociation, even if it occurred to the extent 
of 100%. The energy radiated as after-glow under favourable conditions 
18 only of the order of 10"* of the energy collected by tho metal. 

Experiments will now be described which show that a surprising amount 
of energy can be collected fitom nitrogen which has been made active in 
a low-pressure electrodeless discharge. This quantity of energy is very large 
compared with the energy of the after-glow light and can only be accounted 
for with difficulty if it is attributed to dissociation with the accepted value 
of 7-34 V energy. It becomes necessary to make the extreme supposition 
of 100 % dissociation, and even this hardly suffices. 

I have observed that pieces of metal sheet hung up in a large discharge 
vessel in which nitrogen was made active by the eleotrodeless discharge at, 
say, 0'3 mm. pressure, will become red hot, and even melt and run down. 
The arrangement shown in figure 1 is convenient for exhibiting this effect. 
A large bottle is provided, with a side entry for exhaustion and admission 
of gas, and a stopper from which the specimen can hang, using preferably 
a hard glass or silioa hook. At the bottom of the bottle is a coil for exciting 
the eleotrodeless disoharge, and the specimen hangs high above it, so as to 
be far from the ring discharge. If any difficulty is experienced in getting 
[ 18 1 
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the action to start, the coil may be raised so as to bring the discharge closer 
for a moment, but this is usually unnecessary. The gas is made active and 
diffuses to the metal, when it gives up its energy in reverting to the normal 
condition. A piece of sheet gold or silver 1 cm. square may readily be got 
hot enough to melt and run down. Under suitable conditions it can be 
observed that the luminosity in the gas is diminished in the neighbourhood 
of the hot metal. 

The metals gold, silver and platinum will all do 
this without tarnish of the surface. Gold and silver 
can readily be melted. They appear to be some¬ 
what more active than platinum, (^pper, if ini¬ 
tially oxidized, becomes clean and has on occasion 
been melted. The surface of a compact rolled 
sheet of copper after it has been made red hot in 
this way, becomes red and spongy, like an elec¬ 
trolytic deposit, but can be made compact and 
lustrous again by burnishing. 

Ckimparisons of different metals have been 
made by hanging two stnps side by sulo, so tliat 
they were exposed in a manner stnctly compar¬ 
able Often one of the metals would become incan¬ 
descent while the other remained dark. This was 
due to “hang fire’’, and nothing could bo inferred 
until both strips were visibly red hot. Attending 
to this condition, the result of a series of com¬ 
parisons was to place the metals in the followmg 
order of brightness; gold, copper, silver, platinum. 

Under comparable conditions the earlier m the 
list always becomes brighter than the later. 

Iron and nickel have both been observed to become incandescent in 
active nitrogen. These metals become covered with a black coating. Most 
attention has been given to nickel. This metal easily gets red hot, but be¬ 
comes duller after a time, presumably owing to the protective action of 
the coating, and cannot then be started again after cooling. 

There is sometimes difficulty in getting the action to start. The main 
secret is to have the surface quite clean. Gold and platinum are best cleaned 
by chromic acid and distilled water, followed by ignition in a spirit flame. 
After a specimen of noble metal has glowed once, it will usually do so again 
on restarting the discharge after an interval. If the specimen is hung up by 
a clean platinum wire, say 0-16 mm. diameter, the wire starts glowing and 
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the action is communicated to the metal foil hung from it, no doubt by the 
local heating. Or the platinum may be heated electrically to start the action, 
the heating current being switched ofif afterwards. These devices are useful 
when the supply of active nitrogen is restricted. When there is free diffusion 
from a discharge in the same vessel they are scarcely necessary. 
i/the chemical action on metals like iron and nickel has not yet been 
successfully examined. Presumably the black coating consists of nitride, 
as in the cases of zinc, mercury and other metals (Strutt 1913, p. 542). 
In the present case, the volume of nitrogen absorbed is small, and the 
ammonia reaction has not been obtained from it. But the formation of 
a black coating is definite and indeed striking 
•^n case of metals which remain bright, the action may clearly be regarded 
as catalytic, the active nitrogen being converted and giving up its energy 
by a process wliich occurs at the metal surface. The efiFoct can be taken 
advantage of to mveatigate the energy hberated.*^ 
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(jtold was selected as the most active metal, or at any rate the most active 
of those which remain bright. 

In the original form of e.x[>eriment, in which the metal is hung up in the 
dischaige vessel though away from the discharge, it is not practicable to 
determine how much of the gas is transformed per second. The same gas is 
re^ieatedly activated and deactivated as it diffuses from the dischaigo and 
back again. For ({uantitative work it is necessary to have a determinate 
stream of gas ex^iosed to the action of the gold, which cannot get back to the 
activatuig discliarge. This is not so easily realized as was at first supiKised, 
and many early experiments hod to bo discarded for this reason. A thorough 
investigation of the ])oint was made before the final experiment was 
designed. 

Sufipose that a stream of nitrogen passes at low pressure from discharge 

* Willey (1927) lias obsorvud that copiior and other metals become slightly warm 
m a stream of active nitrogen, an<l has applied this to quantitative energy measuru- 
nu-nts; but tlie energy collected from a given quantity of nitrogen in his expnrinipnts 
was conqiHratively very small; of the order of a thousandth part of that hero 
obtainod Uis uxjxtriments were mode at a mucli higher gas pressure 
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vessel to an after-glow vessel R through a connecting tube (figure 2 ); 
we have to consider what conditions the length and diameter of the tube 
must satisfy to prevent the gas in B after deactivation from diffusing back 
to A and getting activated a second time This question may be attacked 
theoretically or experimentally 

Beginning with the theoretical discussion we make use of Einstein’s 
result (Einstem 1905 , p. 559) that the distance of mean square tliat a gaseous 
particle is carried by diffusion in tune t is where D is the coefficient 

of diffusion We are concerned, however, not with the distance of moan 
square, but with the greatest distance reached by any appreciable percentage 
of iiarticles. This is of course indefinite, but not more so than the question 
itself, as formulated above. If tlus distance is n^{2Dt) we may take n = 2, 
which should leave only 6 % of all (larticles outstanding, orn = 2-4, which 
should leave loss than 1 % outstanding. The few that get farther are of no 
practical importance for our purpose. 

If diffusion is occurring in the face of a gas stream of velocity u, the net 
distance travelled in time t is 


ny}(2lH)-ut, 


and this will bo a maximum if 


which gives t = n^Dj'Zu^, 

and the greatest distance, I, which a particle can penetrate upstream is 
given by 

I = nWI2u = n*I>o x 76»//i 

if Dg is the coefficient of diffusion of active nitrogen into ordinary nitrogen, 
or into itself, at atmospheric pressure, and p is the (low) pressure in mm. 
of mercury. 

If V IS the volume of gas taken in [lor second at atmospheric pressure, then 
the expanded volume is 

r X 760/p. 

so that if d is the diameter of the tube 


^ndht = vx 700/p, 
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consequently the necessary length of tube is given by 

or v>ad*ll, 

where a ■= nn*DjH. 

We do not know the value of Dj, but from comparison of known ooefiScients 
in other cases, a value of 0-2 may be assumed. If Dg = 0-2, and n = 2-4, 
a = 0-46 and 

v>045d*ll. 

To investigate the question experimentally the general arrangement of 
figure 2 was used, but the downstream vessel B was used fur the discharge, 
and the vessel A was used to observe whether or not the glowing gas had 
been able to diffuse back against the stream. If a glow appeared in A, then 
it followed either that the length of the connecting tube was too short, or 
that the hnear velocity of the gas was too small. 

The vessels A and B wore 6 1 flasks, and in different experiments tubes 
of 1, 1*5, 2 and 3 cm bore, and from 10 to 60 cm. in length, were used to 
connect them. At each set up, the rate of intake was varied by means of 
the porous tube valve to be presently described. Below a certain rate of 
intake the glow was perceptible in the vessel A , and at lower intakes still 
it became conspicuous. Nothing would be gained by describing these tests 
in further detail. They are summed up by saying that within the limits of 
experimental error the condition for no glow in A was found to be 

v>d^ll. 

That the numerical coefficient of the expression on the right is unity is of 
course a coincidence 

Thus there is agreement between the theoretical and experimental 
criterion, as regards the order of magnitude, which is all that can be aimed 
at: for wo have no definite measurement of the coefficient of diffusion used 
in the calculation, or of the minimum amount of back diffusion observable 
in the experiment. The criterion determined by experiment, which is the 
more severe, requiring a tube about twice as long, or a largw admission 
of gas, has always been adopted in practice. 

The nitrogen used was taken from a commercial cylinder with a pressure 
regulator (Beard’s pattern) and thence through a red hot silica tube 36 cm. 
long and 4 cm. diameter filled with iron wire of No. 30 B.w.g. The gas then 
passed over phosphorus pentoxide, and in some casm it passed through 
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a trap cooled with liquid air; but this latter made no observable difference, 
and was usually omitted. To regulate the stream, on passage from atmo¬ 
spheric pressure to low pressure, it passed by diffusion through the walls 
of a pororis tube (clay tobacco piiie stem) which could be shortened at 
pleasure by partially immersing it in mercury (Wansbrough Jones 1930 , 
p. 533). The porous tube was graduated in centimetres, and the rate of 
intake at each mark was determined by preliminary calibration, taking the 
gas in from a graduated vessel. This porous tube arrangement was found 
more dependable than various forms of needle valve that were tried. 

In the definitive experiments, the discharge vessel was sometimes a bulb 
of 260 c.c. capacity, sometimes a cylinder of glass 8 cm. long and 4-7 cm. 
internal diameter (figure 3). In either case the exciting coil consisted of 
six turns of wire. An air blast kept down the heat of the discharge, which 
wastconsiderable. The observation vessel was a glass bulb of500 c.c. capacity, 
and the gold specimen was supported in the middle of it by a thin piece of 
platinum wire. If necessary the platinum wire could be heated by a current 
to start the action. The current was then discontinued 

The gold could readily be withdrawn for cleamng or alteration. It some¬ 
times became amalgamated during the intervals when it was standing idle, 
taking mercury vapour from the pump or the gauge. This was found to be 
a sign that it was in good condition, but the action seemed rather capricious. 
If amalgamation had occurred, the mercury was quickly driven off by the 
heat generated, when the experiment was started. 

The connexion between the discharge vessel and the observation vessel 
was by standard ground joints, which made it easy to vary the length of 
connexion by putting in a supplementary piece. 

A side opening from the observation vessel was connected to a McLeod 
gauge, and the bottom opening was connected through a tube containing 
copper gauze to a two-stage mercury va|iour pump backed by a mechanical 
pump. The copper gauze destroyed any remaining active nitrogen and 
protected the mercury pump from being fouled by it. The pressure was from 
0-3 to 0*0 mm. in different experiments, and the opening between the two 
vessels was wide enough to make the pressure in the discharge vessel nearly 
the same even when the flow was m progress. 

The temjierature of the gold was indicated by readings with an optical 
pyrometer. As will be explained, nothing depends on the absolute value of 
these temperatures. 

On starting the discharge there was usually some “hang fire” or delay 
before the gold came into action, and a bright after-glow was seen in the 
bulb round the gold, and in the tube leading to the pump. As soon as the 
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gold warmed up to its work, the glow was diminished to a fraotion of its 
onginal intensity. 

To interjJret the results quantitatively we require the energy which is 
dissipated by a square centimetre of gold at the brightness observed by the 
optical pyrometer in the nitrogen work, and this was determined in each case 
by an indo}>endent experiment, in which a strip of gold was heated elec¬ 
trically. The arrangement is shown in figure 4. 
gas inlet 
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The strip cut from a gold sheet 0*1 mm. thick, had two gold wwes of 
0-08 mm diameter welded to it near the middle. They came away at right 
angles to the strip, both from the same edge, and this distance apart was 
measured as 0*673 cm. The breadth of the strip m this region wm 0*09 cm. 
The wires served as potential electrodes. The stnp itself was held between 
clamps 5*6 cm. apart, through which the current was led in. The clamps 
and connexions [lassed out through an ebonite base plate. A bell jar covered 
them, all being made airtight with plasticene. The pressure was reduced to 
that used in the nitrogen experiment which it was desired to imitate, so as 
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to have the same convective loss. It was found, however, that within the 
range of 0*3-0'0 mm. used, the variation was insensible, so that provided 
that a pressure was used within this range, it was useless to refine further. 

The heating current was taken from a source of low voltage (4 V) which 
diminished the risk of accidental burmng out. 

The potential drop was measured on a unipivot millivoltmeter of high 
resistance. The area contained between the potential electrodes counting 
both sides of the strip is 2 x 0-090 x 0-673 sq cm. or 0-1332 sq. cm. 

Example. With a gas pressure of 0-4 mm. the reading of 780° C on the 
pyrometer was attained with 11-2 amp. and 64 mV dropped This makes 
the energy emitted 0-717 W Another test at 0-6 mm. gave 0-712 W Mean 
0-716 W; or per square centimetre of gold 4-76 W. 

The temperatures given are not the actual temperatures of the strip, 
which is not of course a full radiator. They are “ brightness temperatures 
The actual temperatures are of no imjiortanco for our purpose. The pyro¬ 
meter is merely used as an indicator to show that the gold strip used in the 
energy measurement is at the same temfierature as was the gold specimen 
when caused to glow by the nitrogen reaction. Even if the scale of the 
pyrometer were perfectly arbitrary this would be attained, assuming 
merely that the instrument behaved with consistency. 

Before passing to the quantitative results, wo note that 

I eV = 1-691 X 10 “ erg. 

Number of molecules in 1 c c. of gas at N T P = 2-75 x 10“ Thus, to excite 
all the molecules in 1 c.c to 1 V requires 4-376 x 10’ ergs. 

The following is a specimen experiment- 

Gold foil measures 1 x 1 cm. Area (both sides includeil) — 2 sq. cm. 

Length of channel 19 cm. Diameter 2 cm. 

Rate of gas admission 0-211 c.c. per second, nieasurtxl at atmospheric 
pressure. 

Pressure 0-44 mm. (this datum is not strictly necessary). 

Reading of radiation pyrometer 780° C. 

Energy dissipated in radiation and convection in auxiliary experiment 
- 4-76 W jier sq cm. 

Thus energy dissipated hy the actual area = 9 6 W. 

Or per c.c. of gas admitted (measured at atmospheric pressure) the energy 

dissipated in radiation and convection is ^^ 211 ^ ' “ ^ 

Thus the observed excitation V or 10-3 V. 
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With this example in detail, I now give a tabular view of all the experi¬ 
ments made. 

Watts 

Channol Pyrometor Watts Area of Watts per o.o. Exoitatioa 

length Pressure Intake c.o. readmg per gold developed of gas volts 
om. mm. per see. ^ C sq. om. sq om on gold per see. (at least) 
27 0-37 0-178 780 4-76 0-84 3-99 22-4 «-l2 

27 0-30 0-148 740 4-58 0-84 3-85 26-0 5-94 

27 0-44 0 211 780 4-75 0-84 3 99 18-9 4-32 

19 0 44 0 211 900 6-80 0 84 5 71 27-1 6-20 

19 0-44 0-211 780 4-75 2-0 9 50 45-0 10-8 

19 0-51 0 240 740 4-58 2-0 9-16 38-2 8-73 

22 0-36 0-148 7.30 4-17 2-0 8-34 66-4 12-9 

22 0-42 0-178 730 4-17 2 0 8-34 46 9 10-7 

22 0-49 0-211 730 4-17 2 0 8-34 39 5 9-03 

22 0-56 0-240 720 4-11 2 0 8-22 34-3 7-84 

In the above table the first column gives the length of the channel, 2 cm. 
diameter, separating the discharge vessel and the vessel m which the gold 
is hung. 

The intake, given in column 3, is measured in c.o. per second at atmo¬ 
spheric pressure 

The fifth column gives the dissipation of energy per square centimetre, 
corresponding to the pyrometer reading, as determined by the auxiliary 
experiment. The sixth column gives the total area of the gold, both sides 
included. 

The last column shows what the average excitation of each molecule 
must be at the least to account for the energy extracted from the gas in that 
jiarticular experiment These values are not uniform. For that, it would 
be necessary that every molecule should be fully excited, and should give 
up its energy to the gold, and the nature of the arrangement does not lead 
us to expect that this would be realized. Perhaps it may be suggested 
that only the highest values were significant, or worth recording. I have 
thought it best to give all the satisfactory experiments which have been 
made, so as to allow a broader judgement of the general tenor of the 
investigation. 

It is found that the temperature attained by the gold is in general less 
the longer the connecting tube. If the connecting tube is very short, this 
may be explained by back diffusion and repeated activation of the gas, as 
in the case of stationary gas in a closed vessel In the above experiments 
the criterion which has been laid down for the prevention of back diffusion 
lias always been satisfied, though not always by a large margin, and it is 
believed that this effect does not enter to any appreciable extent. In a long 
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channel the gas loses energy before it reaches the gold when the energy 
remaining in it is largely (but not completely) given up. 

It will be observed that the energy collected is in all cases of the same order 
of magnitude as that calculated on the basis of complete dissociation, and 
in some cases exceeds it. 

Even if the gas is completely dissociated when it leaves the discharge, 
some recombination must almost certainly occur on the surface and in the 
volume of the connecting tube ajiart from what occurs on the gold. And, 
moreover, the gold certainly does not collect the whole of what remains, 
for though the gas gloa is very much reduced when the gold gets hot and 
comes into action, yet the gas is still {lerceptibly glowing when it leaves 
the observation vessel. It appears therefore very difficult to admit that the 
energy can be accounted for as dissociation energy, at any rate if the value 
of 7-34 V is adhered to (Hertzberg and Sponer 1934 ). 

The gold in the exiienment first quoted in detail is emitting 0-5 W of 
energy. This, at the jKiint of maximum luminosity of the 8 £)ectrum (and 
the after-glow spectrum has its intensity concentrated near this point) 
would 3 deld 475 candle ]K)wer, the luminous after-glow in the gas which 
would be obtained in a large vessel in the absence of the gold is only a fraction 
of a candle, and is therefore of quite a different order of magnitude 
Nevertheless, the two thuigs are mtunately connected. The luminosity 
of the active nitrogen falls to a marked extent when the gold comes into 
operation. As already oxplamo<l this is seen when the action of the gold 
“hangs fire”. Alternatively the gold may be removed from a large observa¬ 
tion vessel by a winch meclianisni worked from outside, and the after-glow 
light in the vessel then becomes much brighter, and the increase niay be 
determined. There are, however, technical difficulties about carrying this 
out satisfactorily. For quantitative comparison it is probably better to 
rely on the results of the first pajier of this series. 

It was then found that with the best excitation attainable, the int^rated 
light emitted by I c.c. (measured at atmospheric pressure) was 3-18 candle 
sec., or, using the mechanical equivalent of light, 

3-18 X 2-02 X 10* ergs or 6'45 x 10* ergs. 

Comparing this with the 4 50 x 10 * ergs collected by means of gold wo see 
that the after-glow light represents not more than 1-4 x 10 ■* of the whole 
amount of energy present, a qmte insignificant fraction 

The recognition of this fact must lead us to regard the whole complex of 
phenomena in rather a different light from that which has been usual 
hitherto. It was the visual phenomena that led to the recognition that 
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nitrugen in a (special state was present, and that appreciable percentage 
concentrations were chemically active. It now appears that the luminous 
phenomena are very subordinate from an energy point of view, and that 
only a small percentage of all the active material can be concerned in them. 
In other words, they are now regarded as a by-product of the mam processes. 

We must now recognise that under no circumstances actually realized 
is the luminous emission an essential part of the main change in progress. 
It is still possible and indeed probable that it indirectly measures the rate 
of transformation in progress in the volume of the gas. This is the implicit 
assumption which has generally been made by previous writers, mcluding 
myself, and it is the workmg hypothesis of the first paper of this series. 
However, now that it is established that the luminous emission accounts 
for very little of the energy transformation, a certam reserve becomes 
necessary 

We have no readily available index of what is going on in the volume of 
the gas except the lummous phenomena, ami since these account for very 
little of the energy, what becomes of the rest is a matter in which there must 
at present lie some element of conjecture 

Wo cannot make any progress without assuming qualitatively that bright, 
aftfr-ghu) and high-energy content go together, and there is ample reason for 
assuming so much. It is only when there is bnght after-glow that we can 
visibly extract energy by introducing gold and making it red hot thereby; 
the brightest glows are only obtained immediately after the excitation by 
]70werful discharges, and they prc^iressively diminish with time, obviously 
because the energy in the gas is disBifiated and, most conclusive of all, 
the gaseous glow is extinguished when the gold comes into action and 
removes the energy 

The question whi(*h presses for answer is what becomes of the bulk of the 
energy, since it is not accounted for by the after-glow. Is it dissipated m 
the volume or at the surface of the vessel, acting like a gold surface, but less 
efficiently * 

This certainly does hajqien to some extent, and it is only in vessels with 
siiecially treated walls that the gas in its siieoial state (always recognized 
by its capacity to emit after-glow') will keep for an hour or more (Rayleigh 
1935)- 

But what would happen if we were able to remove the nitrogen from the 
action of the walls altogether, as, for example, by increasing the size of the 
walls indefinitely, or if we imagined that the action occurred under the kind 
of condition found in the gaseous nebulae or in the upper atmosphere? 
Would the integrated amount of light be increased 500 times? I cannot 
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think so. Experiments made to compare the law of decay of bulbs coated 
(o) with phosphoric acid and (6) with apiezon oil, showed that although 
the glow lasted very much longer in the former, yet the decay in the early 
stages was nearly the same in both, and it is in these early stages that the 
greater part of the emission of hght occurs, and therefore, acijording to our 
assumption, most of the energy is dissipated I consider it jiractically 
certain therefore that there must be large dissipation occurring in the gas 
space without emission m the visible or photographic infrH-rt>il regions of 
the spectrum. 

In conclusion, I wish to thank my assistant, Mr R Thompson, for efficient 
help with the exiieriments, and Professor S. Chapman, F.R S , who has 
kindly checked the theoretical reasoning. 
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X-ray electrons expelled from metals by 
silver Kay radiations 

By C. J. Birkbtt Clbws, Ph.D., and H. R. Robinson, F.R.S. 

Qvxen Mary College (University of London) 

(Received 3 June 1940) 

The energiee of the X-ray electrona exfinllnd from taints of gold, platmiun, 
silver and copper by silver ffa, raya have been measured m the magnetic 
spectrograph. The results have been combined with those of earlier measure¬ 
ments, and they yielil a \aluo for Planck’s constant of 6-62, x 10“*’erg sec 

The work to be deacribed is a continuation of that published by us about 
five years ago (Robinson and Clews 1935 )- It consists of new measurements 
with the magnetic spectrograph (xmstruoted some time ago at Queen Mary 
College, and of their application to the problem of the atomic constants. 
Use has already been made of the fact that measurements of the photo- 
electron energies by the magnetic deflexion method, combined with a 
knowledge of X-ray characteristic frequencies, can yield a value of 
ejm X ejh x p, wherep is the value of the X unit in lO-i^ cm. p and ejm are 
now, it is thought, known with considerable accuracy, and our w’ork may 
therefore be regarded as a determination of /»/« There is still considerable 
disagreement among the results of different measurements of this quantity, 
and it seemed therefore desirable to extend as far as possible the range of 
our measurements with the magnetic spectrograph. 

As our spectrograph was originally designed (Robinson, Andrew's and 
Irons 1933 ) for work with relatively soft X-rays, the fields required in the 
present experiments with silver X-rays are appreciably outside the 
comfortable working range of the instrument. In fact, the difficulties 
mentioned in paragraph 3 of our earlier paper (Rqbmson and Clew's 1935 ) 
were all encountered in an even more acute form. We were, however, able, 
by running for relatively short periods, wdth moderately long intervals for 
cooling the Helmholtz coils, to obtain satisfactory photographs It is 
obviously not practicable to work with appreciably harder pr imar y 
radiations, fortunately, the general nature of the results now obtained 
indicates that there is no need to do so. 

The new measurements are on the X-ray electrons expelled by silver Koty 
rays from the M levels of gold (79) and platinum (78), the L levels of silver 
(47) and the K level of copper (29). For all but the last of these we have 
[ 28 ] 
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available for comparison results with chromium, Koti rays (Robinson 
1934 a), copper Kxi (Robinson et al. 1933 ; Robinson 19346 ) and molyb¬ 
denum (Robinson and Clews 1935 ). The copper K electrons can only 
be compared with those ejected by the molybdenum Ka^ rays, the other 
radiations used being too soft to eject these electrons. In the comparisons 
the “diflferenoe” method introduced by Robinson ( 19346 , p. 1097) is used 
throughout. In this method the only X-ray data required are the values 
of the primary Xaq frequencies, which are very accurately known in terms 
of Siegbahn units. No use is made of X-ray spectroscopic values of the 
critical absorption frequencies, which are much leas accurately known. 
Further, the method completely eliminates errors due to surface work and 
reduces the effect of other systematic errors 

It should be emphasized here that all the measurements used in the 
following comparisons were made with the same magnetic spectrograph, 
and that the same plate-holder, of rigid construction, was used throughout. 
The (juantity measured in the exfienments is the product (rH), where r is 
the radius of curvature of the path of an X-ray electron as it moves m a 
magnetic field of strength H normal to this path. In the earlier work tlie 
magnitude of H was so ailjusted as to brmg r very close to a standard 
value (5 cm ) for each line measured In the present work it was just not 
possible to do this, the required field being, except for the copper K 
electrons, just outside our attainable limit. The correction to standard 
radius is, however, small, and can easily be computed The accuracy of 
the correction was confirmed by additional checks, using the very simple 
device of employing the copper K electrons to calibrate the [larts of the 
spectrograph in which the other, less deviable, groups were recorded This 
was done by making multiple exposures with a copper target, the current 
in the field coils being suitably altered at intervals during an exposure— 
the method being, in effect, an obvious modification of the “bracketing" 
technique employed by Aston with lus mass-spectrograph. 

We give below (table 1) the new results. rH is in absolute oersted cm. 
The equivalent frequency (v*IR) in Rydbergs is (purely to facilitate com¬ 
parison with the earlier results) calculated from rH by using the following 
(in part superseded) values of the necessary constants: 

e/m»» 1-767 x 10 ^ e.m.u. g.~*, e/A = 7-2827 x 10 ** e s.u. erg“^ sec."*, 
e/m X e/A = 1-2795 x 10 “ c =. 2-998 x 10 *®cm. sec -*, R = 109737-4 cm.-* 
The eleven values of (v*IR) in table 1 are to be compared with corre¬ 
sponding quantities obtained with molybdenum Kai rays (Robinson and 
Clews 1935 ), and the first ten with corresponding values obtained with 
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copper (Robinson 1934 &) and chromium (Robinson 1934 a) radiations. The 
primary X-ray frequencies (vIR) on the Siegbahn scale are • 

Ag Aa, 1632-4 

MoXati 1287-4 

Cu Kai 5fl2-7 

Cr A'a, 398-8 

Tablk 1 . Primary X-radiation, Ag FREqrExcY {vjR) on 
S lEGRAHN (ORYSTAl.) SCAnE, 1632-4 (ElO I 937) 

Eicmi-nt Level rH 

70 Ciold A/, 466 1 I3K3 8 

A/„ 469 6 1403 8 

A/,„ 474 7 1434-4 

Mr 481 0 1472 I 

78 Platinum M, 467 6 1392 2 

M„ 471-0 1412-6 

Ml,, 476-8, 1441-3 

Mr 482 0, 1478-4 

47 Silver L, 461 1 1364-8 

Lii, 466 9, 1388 8 

20 Ckipper K 380 8, 073 3 

The (v*IR) values are summarized in table 2 
Table 2 

Pninary X-mys -» Ag Xz, Mo Xz, 

level 

4 (1) (2) 

Au M, 1383 8 1037 6 

AuM„ 1403 8 1068-6 

AiiA/,,, 1434 4 1089 3 

AuA/y 1472 1 1126 2 

Pt M, 1392 2 1046-4 

Pt M„ 1412 6 1066 9 

Pt A/,,, 1441 3 1096-7 

Pt My 1478 4 1132-7 

Ag Li 1364 8 1009 6 

AgL,,i 1388 8 1042-6 

Cu X 973 3 627-3 

Subtracting column 2 of table 2 from column 1, wo got eleven values 
of (v*/ii) (Ag-Mo) ranging from 346-1 to 346-2, with a mean of 345-7. 
'ITie corresponding X-ray siiectroscopio value is 

(viR) (Ag-Mo) = 1632-4-1287-4 = 346-0. 


Cu Xz, Cr Xz, 

(3) (4) 

340 8 146 6 

361 4 167-1 

391 3 107 0 

431 1 236 6 

360-7 166 3 

370 7 176 4 

398 8 204 4 

437 6 243 0 

312 7 118 6 

346 4 162 2 
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From columna 3 and 1 we get ten differenoes ranging from 1040*9 to 
1043*1, with a mean of 1042*1. The X-ray value is (1632*4 — 692*7) = 1039*7. 

Columns 4 and 1 give ten values ranging from 1235*4 to 1237*4, moan 
1236*4. The X-ray value is (1632*4-398*8) = 1233*0 

The proportional differences in each case, 0 * 20 , 0 23 and 0*23 % re¬ 
spectively, are identical to within the experimental error The mean 
percentage difference, 0 * 22 , is a little higher than that previously adopted 
(0*17, Robinson 1936 ). It agrees very closely with a more recent value 
(0*23%) of Robinson and Mayo ( 1939 ) The last-quoted value was not, 
however, obtained by the difference method, and the agreement must be 
regarded as accidental 

The measurements reviewetl above cover practically the whole range in 
which our magnetic spectrograph can ho profitably used. It has already 
been pointed out that we cannot work with primary radiations appreciably 
harder than silver A'a, and at the other end of the scale there are obvious 
photographic and other diffu*ulties m working with rays much softer than 
the chromium Ka. On the whole, there seems to be every reason to be 
satisfied with the internal consistency of our measurements—that of the 
X-ray data taken from Siegbahn and others may be accepted without 
question. It must not however be forgotten that as the whole of our 
measurements have been made in the same spectrograph, in as nearly as 
possible identical conditions, they may all be affected by a common 
systematic error. The only direct confirmation we have of our results is 
from the experiments of Kretschmar ( 1933 ) with molybdenum K rays. 
We have already shown (Robinson and Clews 1935 ) that, in spite of certain 
apparent discrepancies, Kretschmar’s results are very probably m close 
numerical agreement with ours. There is, however, no independent con¬ 
firmation of our work with chromium, copper and silver K radiations. 

We take, as the mean of all our measurements, 0*21 % as the best value 
of the differonco between the photoolootno (v*/R) and the conventional 
Siegbahn frequencies {v/B), the {,v*IR) being the larger by this amount 
This difference is increaseil by 0 * 20 % when the X-ray spectroscopic values 
are expressed in true Rydlierg units (p = 1*0020) In other words, according 
to our experiments the true value of the product e/m x e/A is less by 0*41 % 
than the value we adopted when calculating the (v*IR) values. That is, 
the value wo find now for e/m x e/A is 0*9969 x 1*2796 x 10“ = 1*2743 x 10 “ 
(or 3*8201 X 10 “ if both chaiges are m e. 8 .u.). The value obtained by Robin¬ 
son and Mayo ( 1939 , p. 199) was 1 2741 x 10 “. Through a slip in entering 
the result, this was erroneously given as 1*2749 x 10 “. We have to thank 
Professor R. T. Birge for drawing our attention to this slip, which, being 
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purely an error in entering an antilogarithm, did not affect any other 
figure given m the paper. 

Our new value of A/e, assuming e/m =» 1 759 x 10 *, is 


X 10 * 
1-2743 X 10“ 


l-3«0i|Xl0-’*, 


and if we take c as 4-8022 x 10 -“, we have h = 5-62, x 10 -**. This, as is 
well known, is appreciably greater than the value (6-609 x 10“**) given by 
recent accurate determinations of the short-wave limit of the continuous 
X-ray spectrum. On the other hand, it agrees well with the value deduced 
by Birge ( 1939 ) from the relation 




RcHjm * 


VIZ. (6-6236, ± 0-0024) x 10 **. 

The discrepancy between the two values of h has been fully discussed 
by Birge in a number of [lapers. In addition there are recent discussions 
by Darwin ( 1940 ), Du Mond ( 1939 ) and Dunnington ( 1939 ), to which we 
cannot usefully add anything. Our value of A/c, with e = 4-8022 x 10““, 

gives for the fine-structure constant. 


We have pleasure in acknowledging our indebtedness to the Government 
Grants Committee of the Royal Society for grants which provided for the 
greater part of the apparatus used in this work, and to other workers, in 
particular Professor R. T. Birge, for kindness in supplying mformation. 

Note by U, R. R. In this, as in all the other photoelectric work from this 
Laboratory, the field current was measured potentiometrically, using a 
Weston cell and standard resistances which were tested at the National 
Physical Laboratory. The standardizations were given in terms of inter¬ 
national electrical units, and a correction to absolute amperes was made 
when the magnetic fields were calculated. Unfortunately, I cannot now 
find my original notebook containing the details of the correcting factors 
used. From memory, I think that almost exactly 1 part in 10,000 was 
subtracted from the indicated currents in the field coils (or, more precisely 
from the factor finally used as the effective constant of the coils). The 
published (v*jR) values have therefore already been reduced by about 
1 part in 6000 on account of the difference between international and 
absolute amperes. 
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I regret that this was never mentioned in any of the papers; it certainly 
ought to have been stated explicitly somewhere, but in fact no real 
importance was attached to this correction. It was made purely as a matter 
of routine, and not from a belief that it was warranted by the accuracy 
of our experiments. A correction as small as this would in the circum¬ 
stances almost certainly have been neglected if it had been at all difficult 
to apply. 
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The electric strength of some solid dielectrics* 

By a. E. W. Austen an» 8. WHiTEnBAU 
{Communicated by N. F. Mott, F.RJS.—Received 29 April 1940) 

Methods are described by which the ‘intrinsic’ electric strength of solid 
dielectrics may be defined and evaluated. It m sliown that the magnitudes 
of and the effect of temperature and thickness upon the oleotrio strengtlis 
of certain crystals agree with Frohlioh’s theory of eleotromo breakdown, 
us also does the effect of disordered structure and microstructure m sinular 
instances. On the other hand, departures from theory occur with complex 
organic dielectrics and also with crysteds when, with the latter, oertam 
limits, e.g. of temperature, are exceeded. 

1. Inteoductioit 

The paper describes some recent measurements of the intrinsic electric 
strength of certain solid dielectrics; a preliminary note of some of the 
results has already been published (cf. Austen and Haokett 1939 ). It was 

* Based on Report Reference L/T 114 of tho British Electrical and Allied In¬ 
dustries Research Association. 
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proposed to determine the actual values of electric strength of certain 
materials and the effect of temperature, thickness in the case of very thin 
layers, crystallme form and state of purity. 

The experiments were suggested by recent theoretical work on dielectric 
breakdown. Theories have been given by, among others, Zener ( 1924 ), 
von Hippel { 1931 ), Frohlich ( 1937 ) and Seeger and Teller ( 1939 ). Zener's 
theory, following earlier work by WhiteheEtd and by Joff£, pictures a kind 
of pulling out of the electrons from the ions: it predicts a rapid increase 
of current in a dielectric as the field is raised, and m view of recent work 
must be considered to describe the electromo currents observed before 
breakdown, rather than the breakdown itself, which appears as a sudden 
instability. Von Hippel first suggested that intrinsic breakdown was of 
the nature of an electron avalanche, similar to that occurring in gases. 
Frolilich and Seeger and Teller give mathematical developments of this 
idea. In a reoent paper Frohlich ( 19396 ) has given reasons for believing that 
Seeger and Teller's results are incorreet, and since, moreover, the latter 
authors make no predictions as to the variation of electnc strength with 
temperature or thickness, in the comparison of the present experiments 
with theory only Frohlich’s work will be considered 

Frohlich's theory makes the following predictions 

( 1 ) The intrinsic strength should decrease as the temperature is lowered 
below the Debye characteristic temperature of the material, the effect 
being most marked for substances with low Debye temperatures. 

(2) The strength should be independent of thickness for thick specimens, 
but should increase for very thin specimens of thickness of the order of a 
few mean fiee paths. (One mean free path is of order 10 '* cm., of. Frohlich 
and Mott 1939 .) 

(3) The strength of a mixed crystal is greater than the weighted mean of 
those of the pure components, and greater for a given substance in an amor¬ 
phous than in a crystalline form. Impurities which form large aggregates, 
e.g. colloidal particles, may give a lower electric strength owmg to distortion 
of the electric field. 

(4) Microstructure due to differences in or relative displacement of 
neiglibourmg (Tystallites should probably not affect the electric strength. 

Frohlioh’s theory also gives a numerical formula firom which the electric 
strength of any thick specimen of an ionic crystal can be calculated if the 
absorption spectrum of the crystal in the infra-red is known. The expression 
is 

« , 6 X V/cm„ 


( 1 ) 
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where 

V =» molecular volume, 
z =■ number of atoms per molecule, 

(e<-l) = 4jrx polarizability corresponding to the oscillation of residual 
wave-length Aj, 

?^<(^) = 1 + _ i » 


T = abs. temp., 



J and are the energy (in absolute units) and wave-length (in 
Angstroms) respectively corresponding to the first maximum of 
the ultra-violet absorption band, 
n = number of atoms per cm ®, 
r = number of residual ray frequencies, 
m = mass of an electron. 

If the approximation is made of a single mean residual ray frequency v, 
equation ( 1 ) reduces to 

E = 1-64 X io'>F-»Ao<®"^y(l V/cm., ( 2 ) 

where 

A =: residual ray wave-length, in Angstroms, 

£ = static dielectric constant, 

6 g a n* = contribution of the electrons to the dielectric constant. 

Von Hippel’s experiments ( 1935 ) have shown that the theory gives 
values of electnc strength of the alkali halides at room temperatures in 
satisfactory agreement with exjieriment, and also that the strength of 
mixed crystals is greater than that of either constituent. The present paper 
gives an account of work in which experimental methods suitable for a 
wide range of materials and conditions have been devised and describes 
experiments as follows: 

The variation of the electric strength of potassium bromide with tem¬ 
perature has been measured. 

The absolute value of the electric strength of mica, together with its 
variation with temperature has been determined. 
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MeasurementB of the electric strength of thin films of mica have been 
extended to the region where the strength increases considerably. 

The strengths of fused and crystalline quartz are compared. 

In addition the electric strengths of a coloured glass and the corre¬ 
sponding basic glass have been measured and organic dielectncs to which 
Prohlioh’s theory does not apply investigated. 


2. Thr nature and measurement of intrinsic breakdown 

The electrical breakdown of a dielectric is frequently infiuenced by the 
thermal and special electrical conditions under which the test is made, as, 
for example m breakdown due to discharges in a surrounding hquid or 
gaseous medium or breakdown due to thermal instabihty. It is clear that 
for the present purpose the electric strength measured should be in¬ 
dependent of such conditions and it has been found that a type of break¬ 
down exists which is a property of the physical nature of the dielectric 
and its temperature only This has been called intrinsic breakdown and the 
corresponding field strength the intrinsic electric strength. 

It is to be expected a priori that mtrinsic breakdown should possess the 
following properties • 

(а) The electric strength should be independent of thickness over a 
fairly wide range, except for very small thicknesses. 

(б) The electric strength should be independent of the nature or duration 
of the electric stress provided no appreciable change of temperature occurs 
as a result of the application of the electric stress and provided the 
duration (e.g. with impulse voltage) is sufficient to permit the develop¬ 
ment of the discharge mechanism envisaged. 

(c) The actual discharge should result in the local destruction of the 
structure and should occur wholly within the dielectric and in the region 
where the field is most intense. 

The existence of an intrinsic electric strength postulates a homogeneous 
dielectric fiee from imperfections and weak spots. It is therefore pre¬ 
ferable that as small an area of the dielectric as possible should be exposed 
to electric stress, but, at the same time the field must be calculable and 
sufficiently uniform in the direction of the field to avoid incomplete break¬ 
down. For these reasons two spherical electrodes (or one sphere and a 
plane) were used, whore, provided the radius of the sphere is large compared 
with the thickness of the dielectric, the intense portion of the field at the 
sphere vertex is substantially uniform through the thickness of the 
dielectric but is limited to a small area in the neighbourhood of the vertex. 
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MaterialB are frequently available in the form of thin plane sheete and 
if they are tested between spheres the medium between the spherical 
electrode and the dielectric, in the vicinity of the point of contact, is stressed 
to a value comparable with the stress in the test specimen. No gaseous 
or liquid dielectrics in which the test may be carried out have strengths 
as high as that of some solid dielectrics and the immersion medium then 
frequently breaks down first and the resulting discharge, either by chemical 
action or by causing local concentrations of stress, causes premature break¬ 
down of the test specimen. Numerous attempts to overcome this diffi¬ 
culty have been made by immersing the system in liquids of high electric 
strength or in waxes and sometimes subjecting the whole to high pressures 
still further to increase the electric strength. 

In tests on solid dielectrics of high strength it is necessary to select an 
immersion medium not only of high strength but also of suitable re¬ 
sistivity, in the case of D.C tests, or specific impedance for A.C. tests, with 
respect to that of the specimen. If <r, e, S and E are the conductivity, 
permittivity, loss angle and electric strength respectively, the subscript 8 
referring to the dielectric and M to the immersion medium, then 
E „ > CgEg for D.C. 

or sec Sg for A.C. 

are rough conditions for the avoidance of discharges m the medium. These 
conditions are not precise since they neglect tangential stress and they 
are difficult to apply on account of the variation of the quantities with 
field strength. Theoretically the occurrence of breakdown at the point of 
contact of the spherical electrode is evidence of a satisfactory test, but the 
point of contact is difficult to locate with precision and there may be a 
thin film of the immersion medium so that a breakdown apparently at the 
point of contact may be spurious On the other hand, with semi-con¬ 
ducting media the specimen is stressed to a value closely approximating 
to the maximum value at the point of contact over an appreciable area 
so that a breakdown appreciably separated from the point of contact is 
not necessarily spurious. A better criterion is the observation of the 
apparent electric strength for variation of the immersion medium, and if 
the apparent electric strength is not decreased by a considerable decrease 
of CjaEja or E^Sj^, sec it is fairly certain that the breakdown stress is 
reached in the specimen before the immersion medium is overstressed. 

While it is not difficult to find liquid immersion media suitable for use at 
room temperatures, e.g. mixing castor oil with nitrobenzene permits a 
wide variation of conductivity without much change of electric strength. 
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at high or low temperatures few of the normal dieleotrio liquids are avaU- 
able and any such control of oonductivity is impossible. It is then desirable 
to adopt a specimen shaped to the contour of the electrodes as shown in 
figure 1 A, the electrodes, e.g. in the form of colloidal graphite, being 
deposited on the dielectric itself. The system then consists of test dielectric 



FiGttBK 1. Specunen (A) and appmratus (B) for measuring 
the electric strength of potassium bromide. 


and electrodes only, so that provided breakdown takes place within the 
electrodes, there can be no effect due to external discharges. The lateral 
dimensions of the specimen and its thickness outside the deposited 
electrodes necessary to prevent flash-over or breakdown outside the 
electrodes can be reduced by immersing in a suitable dieleotrio liquid. 
Such a liquid will be called an ambient medium as distinct from the 
immersion medium of the plane sheet tests. 
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3. Results 
(o) Potasaium bromide 

The material was obtained in the form of an artificially prepared single 
crystal of cylindrical shape about 4 cm in diameter and 4 cm. long. It 
was found possible to split complete circular plates down to a thickness of 
0-6 cm., while plates of linear dimensions about 1-5 cm. could be obtained 
down to a thickness of about 0-16 cm. It appeared, therefore, to be 
necessary to resort to grinding to obtain 8 X)eoiraen 8 of thickness suitable for 
electric strength measurements, i.e. about 0-02 cm. Since it was desired to 
make measurements at low temperatures it was decided to attempt to 
prepare specimens with a spherical recess. 

Tinfoil rings were cemented to the specimen at the edge of the recess 
and the specimen painted with a susx>ension of colloidal graphite in 
acetone to form the electrode proper Contact with the tinfoil rings was 
made by two cylindrical brass electrodes with rounded ends and main¬ 
tained by spring pressure, as shown in figure 1 B. It was found that 
direct immersion in a refrigerant such as 1i({UKi nitrogen caused cracking 
of the specimen and the electrode system was therefore placed in a liquid, 
petroleum ether at low temperatures or transformer oil at room or higher 
temperatures, and the whole assembly placed in a refrigerant in a Dewar 
vessel or a heated oil bath for tests at low or high temperatures respectively. 
The temperature was measured by means of a thermocouple in a thin- 
walled glass tube sunk into the high-voltage electrode and withdrawn just 
before the application of voltage 

Tests were made at room temperature on specimens (a) with a recess 
dissolved out by means of a jet of water and ( 6 ) with the recess and the 
plane side groimd with c.arborundum powder (no. fiUO) in oil, on a copper 
tool of radius of curvature 1 cm , and polished with rouge or polishing 
alumina on a chamois leather-covered tool; the values obtained were 
both inconsistent and rather low, i.e. about 0-5 x 10* V/cm., compared with 
the value obtained by von Hippel of 0-7 x lO* V/cm. It was found, how¬ 
ever, that remarkably consistent values of about 0-79 x 10 * V/cm. were 
obtained with specimens ground with no. 600 carborundum but not 
polished, the surface of the material then having a fine matt appearance, 
the irregularities presumably being of linear dimensions of the same order 
as those of the carborundum grains, i.e. about 0*001 cm. Micmscopio 
examination of the edge of a cracked specimen, however, showed that the 
depth of the irregularities was considerably less. The electric strength 
showed no variation with thickness over a range from 0*016 to 0*04 om. 
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at room temperature, and measurements were made at lower and higher 
temperatures with ground but unpolished specimens of thickness of order 
0’02 cm. The results are compared with the calculated values of Frohlioh 
in figure 2 . 

The following check tests were made. Two specimens were treated as for 
a test at low temperature but allowed to waum up to room temperature 
and then tested: normal values were obtained indicating that the specimens 
did not suffer permanent damage on cooling. The possibility of water 
absorption was also considered and sjieoimens were prepared, graphited, 



Figuhk 2. Electno strength of potassium bromide. 

baked at 116° C for 2 hr., cooled over phosphorus pentoxide and tested m 
petroleum ether containing phosphorus pentoxido, both at room and low 
temperatures. Normal values were obtained. 

It will be noted that the direction of the variation of electric strength 
with temperature is in agreement with theory but that the decrease is 
markedly greater than that obtained theoretically. Von Uippel ( 1939 ) has 
since published the results of tests on potassium bromide and obtains a 
similar fairly sudden decrease of strength with decrease of temperature, 
which, while also greater than that required by the theory, is not as great 
as that observed by the present authors. A complete account of von 
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Hippel’s experimental technique, however, has not yet been given, and in 
particular the thickness of the specimens is not stated so that a discussion 
of the discrepancy is not possible. 

The remaining possible source of error in the authors’ experiments 
would appear to be the nature of the surface of the specimens. Tt was 
observed, however, that the surface of the polished specimens was not 
free from defects, nor was it found possible to obtain a perfect surface. 
Tests on ground specimens of crystalline quartz, however, gave the same 
value as polished specimens so that it would appear that the low and erratic 
values for polished potassium bromide are due to surface defects and that 
the values for ground specimens are valid. 

( 6 ) Mtca 

The considerable body of research conducted by the Electrical Research 
Association on the electric strength of mica for industrial purposes of 
thicknesses available commercially, i e. greater than 0*002 cm., is being 
published elsewhere and only those parts of theoretical significance will 
be described here. Tests were made on plane sheets with spherical metal 
electrodes and immersion media, as already described, and on specimens 
with a spherical recess in a manner essentially similar to that used for 
potassium bromide. Further description of experimental methods is there¬ 
fore unnecessary and only the results will be given 

Measurements at room temperature on plane specimens using as im¬ 
mersion medium a mixture of castor oil and nitrobenzene (resistivity about 
2 X 10 ® ohm-cm. electric strength about 0*1 x 10 ® V/cm.) showed that there 
was no variation of strength with thickness m the range 0*002-0*007 cm., 
and that the D C. and 60 eye. A.C. crest values were the same. Impulse 
measurements were made at the National Physical Laboratory in the 
course of another investigation (Davis and Lacey 1939 ). Values obtained 
using a 1 / 6 /iseo. standard wave for plane sheet specimens are compared 
with D.C. values for specimens from the same consignment in table 1 , 
which shows that although the impulse values are usually higher, the 
difference is not large compared with the experimental dispersion, which 
tended to be high in the impulse tests, where distilled water was used as 
an immersion medium. 

X-ray measurements also on the same consignment were made at the 
National Physical Laboratory. Table 1 shows the lattice spacing and the 
length of the diffraction arc which is a measure of the mean tilting of the 
axes of individual crystallites about the mean direction. It will be seen 
that although the thinner specimens showed a more pronounced micro- 
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atructure, i.e. a greater relative tilting of the individual oryatallites, their 
electric strengths were, if anything, higher. This supports Frohlich’s view 
that the intrinsio electric strength is not “structure sensitive” in the 
commonly accepted meaning of the term. 

Table 1 Eekect of duration of stress and microstruoture 
FOR Muscovite (ruby) mica 
Electno 

strength (D.C.) Ratio impulse Lattice spaoings 

Nominal in 10* V/cm. to D.C. Jjength of perpendicular 

thickness .-•-.-. ilifTraotion to cleavage 

Typo mm. Moan Maximum Moan Maximum arc* cm. plane (A) 
Clear 0 02 10 16 10-7 12S 1 26 3 26 g-646 

0 04 10 3 10 8 1-16 1-26 3-00 9 046 

006 9-76 10 0 l-OK 1-60 2 60 6 046 

Stemed 0 02 11-6 12 0 0 99 1 17 3-20 9 967 

0 04 10-6 1L5 106 I-17 300 9-968 

0 06 10 6 11 6 0 80 1 00 2 66 0-068 

* Length of recorded X-ray reflexion measurml along the diffraction rmg. Tina is 
a moaeuro of the relative tilting of the planes of neighbouring crystallites. 

Owing to lack of the requisite optical data, it is not possible to calculate 
accurately the electric strength of mica. Frohlich, however (cf. Frohlich 
1939a), assuming that the effective residual wave-lengths are the same as 
those of quartz, i.e. = 8-4/i, Ag=20-R/t and that and that the 

wave-lengths of the first ultra-violet maxima same, obtains a value 

between fl-6 x 10* and 7-6 x 10* V/cra., while the assumption that Ai = 8-4/i 
is the only important residual wave-length gives a strength of 16 x 10® V/om. 
which is an upper limit to the theoretically possible value. The variation 
with temperature also depends on the residual wave-lengths, and the 
curves plotted in figure 3 are obtained by assuming the observed value at 
room temperature and residual wave-lengtlis of 10 and 20/t respectively. 
It will be seen that the theoretical curve for 10/t and the maximum 
experimental values are in satisfactory agreement up to 460° K. At higher 
temperatures the electric strength decreases greatly, as is common with 
solid dielectrics, since the structure itself firequently changes, other break¬ 
down mechanisms intervene and Frdhlich’s theory no longer apphes. 

(c) TAin layers of mica 

Joff6 and his collaborators (cf. Semenoff and Walther 1928) claimed to 
have observed electric strengths up to 100 x 10* V/om. for glass and mica 
of thickness of order 10-® cm. These values, however, were subsequently 
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withdrawn (Joff6 and Alexandrow 1932), and in a new investigation in 
which errors due to a potential drop in the graphite electrodes and in the 
measurement of thickness were eliminated, it was found that the electric 
strength of mica increased only slightly from 9-4 x 10 * V/om. at a thickness 
of 6 X 10-» cm. to 12 X 10* V/om. at 0-7 x 10-* cm. The present measure¬ 
ments extend this range to still smaller thicknesses. 



PiouRK 3. Klectno strength of clear ruby muscovite mica. A, Thooroticial curve 
for mean residual ray of wave-length 10m B, Sumlar curve for wave-length 20/f. 

• At the lower tomijAratiires breakdown of specimens of this thickness occurred 
at relatively low stresses os a result of breakdown of the immersion meiiium. 

It was found possible to obtam sheets of mica down to thicknesses of 
order 0-001 cm. by splitting from thicker material. If these sheets were 
torn, small areas at the edges of the tear, of linear dimensions of a few 
millimetres, were sufficiently thin to show the colours of thin films, i.e. 
thickness of order 6 x 10-® cm These pieces were frequently preserved, if, 
after beginning detachment by tearing, the process was completed by 
sliding in the edge of a piece of paper, and in this way specimens of a range 
of thickness down to 2 x 10~* cm. were obtained, together with a few 
pieces too thin to show the colours of thin films, i.e. less than 10~* cm. 

The thickness of the specimens were detennmed approximately by 
visual observation in diffused daylight of the colours corresponding to 
normal and grazing emergence for both reflected and transmitted light. 
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The corresponding wave-lengths were ratimated and it was then generally 
possible to deduce the orders of the various interference colours and there¬ 
fore the thickness. The order was confirmed, or if necessary, one of two 
possible values selected by examining in the approximately monochromatic 
light from a sodium flame, viewing the light transmitted normally and 
observing the changes of mtensity on rotating the specimen to the position 
for grazing emergence. 

The thicknesses were measured accurately (after the breakdown measure¬ 
ments, except in the case of two specimens less than 10-* cm. thick) at the 
National Physical Laboratory, by an optical method using a Fizeau 
interferometer. The average accuracy obtained was ± 3 x 10 "* cm., i.e. 
± 3 % for the thinnest specimens, and one fairly large specimen was also 
measured by a mechanical method, the value of 6‘lOx 10~* cm. being in 
good agreement with the value of 6-09 x 10 -* given by the optical method. 
The thickness estimated from the colour of the specimens was in fair 
agreement with the optical measurements, the error being generally less 
than 10%. 

Breakdown tests were made between an approximately plane electrode 
of polished steel mounted on the stage of a metallurgical microscope and a 
polished steel sphere of diameter 0*3 cm. on the lower end of a short, 
fairly stiff helical spring inserted in place of one objective m a double 
nosepiece. The spherical electrode could be raised by the microscope 
focusing movement and replaced by a 1 in. objective, which, together with 
a micrometer eyepiece giving a magnification of 40 diameters, made possible 
the location of the point of contact to an accuracy of 0*006 cm. which was 
adequate for selecting a suitable part of the specimen. 

A D.C. voltage was apphed at a rate such that breakdown occurred in 
about 30 sec. and the voltage was measured directly by means of an 
electrostatic voltmeter. It was expected that at the comparatively low 
voltages necessary to cause breakdown, discharges in the immersion 
medium, if they occurred at all, would be without effect on the breakdown 
voltage. This view was confirmed by breakdown measurements on one of 
the thicker specimens in an and also immersed m a mixture of castor oil 
and nitrobenzene of resistivity approximately 2 x 10® ohm-cm., which had 
been shown to be a suitable medium in tests on thicker specimens. The 
value obtamed was the same in both cases and the tests were therefore 
made m air. 

A number of tests were made on each specimen and in most oases at 
least five values were obtained: the results are plotted in figure 4. The 
greatest difference from the mean value for any one specimen was 15 %, 
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while the dispersion was generally of order ± 8 % and satisfactory measure¬ 
ments Mrere made down to a thickness of about 2 x 10-* cm. Two thinner 
specimens of thickness about 10 ~*cm. were measured at the National 
Physical Laboratory, but considerable difficulty was encountered in mani¬ 
pulating them owing to their extreme fragility and tendency to adhere to 
any clean metal surface. One was broken into fragments too small for 
breakdown tests in placing it on the plane electrode and although a number 



thioknoBS (om.) 

Fiqukk 4. Blectno strength of clear ruby inusoovite imoa. 

X Indicates mean value. Vertical hnes mdicato range of dispersion. 

of tests were made on the other, the breakdown voltage showed a very 
wide dispersion from 30 to 290 V and the measurements cannot be regarded 
as satisfactory. 

Frohlich (as yet unpublished) has examined quantitatively the eCEect of 
thickness, concluding for mica that the mean free path is of order 
5 x 10~^ om. and that the electric strength should increase by 60 % at a 
thickness of order 6x 10 -* om. and by 100% at 2 x 10~*cm. Figure 4 
shows that the experiments are in satisfactory agreement with this result. 
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{d) Quartz 

Quartz and fiiaed silica (0-0&-0-1 mm. thick) were tested at room tem¬ 
peratures in a manner similar to potassium bromide. The observed value 
for quartz with the direction of the electric stress parallel to the optic axis 
was 6-7 X 10* V/cm. and the value calculated by Frbhlich 3*3 x lO* V/cm. 
with an upper limit of 7*4 x lO* V/cm., a reasonably good agreement. 
According to the theory a disordered structure should increase the electric 
strength E, but allowance must be made for the decrease in the dielectric 
constant e when quartz is fused, from 4-6* to 3-9.* This may be corrected 
by the approximate formulaf 

Ecce — 2-a. 

The electric strength of a hypothetical quartz having the same e as the 
fused silica should therefore be 4*7 x 10* V/om. (from the experimental 
results on quartz). The measured electric strength of fused silica is 
6-4 X 10* V/cm. so that the disordered structure seems to increase the 
electric strength. 

(e) Qlaas 

If a conducting particle is iilaced in a dielectric subjected to an other¬ 
wise uniform electric field, the field strength in the vicinity of the particle 
is increased, and it was tlierefore expected that the electric strength of a 
dielectric contaming metallic particles would be lower than that of the 
same dielectric without particles. It was proposed to test this hypothesis 
by making tests on a glass the colour of which was due to the presence of 
colloidal metallic particles and on the corresponding basic glass, and also 
to verify that the uicrease of electric strength observed by von Hippelj; 
for mixed crystals applied also to a glass containing a metal in true sohd 
solution. 

Samples of gold ruby glass, the colour of which is supposed to be due to 
the presence of colloidal particles of metalhc gold, and a basic lead glass 
of identical composition § but without gold were specially prepared in the 
Department of Glass Technology, Sheffield University, by Professor Turner 
and Dr Seddon. 

Tests made on ground specimens of the type used for potassium bromide 
gave unsatisfactory results which were attributed to flaws in the glass. 

• These values were dotermmecl for tho actual materials from wluoh the spoounens 
were meule. 

t See Frohhoh (1939). t Von Hippel (1935). 

I Composition (calculated from ingredients) was 81O, 47-36%, PbO 39*78%, 
K,0 10 0a%, 8b,0, 1*93%, Fe,0, 0*10%, MhO 0*79%. The gold was estimated at 
0-04% in the coloured glan. 
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Thin sheets were obtained by blowing on the end of a quartz tube in an 
electric furnace and satisfactory tests were made on specimens of thickness 
from 3 X 10-^ cm. to 16 x 10"* cm. between sphere and plane electrodes in 
an immersion medium of resistivity 10*ohm-om. The thickness was 
measured in situ on the dial micrometer which was used for supporting 
the electrodes. The dispersion was rather large, the mean of all values for 
the basic glass being 6 2xlO~*V/cm. and the mean of the maximum 
values for each specimen 6-0 x 10*. The corresponding results for the basic 
glass were 6-0 x 10* and 6-0 x 10* V/cm. respectively. 

This value is much higher than those previously obtained, e.g. it is 
about double the value given by Moon and Norcross (1929), and the 
discrepancy is probably due to the unsuitable electrode systems and/or 
immersion media used hitherto. 

The failure of the gold to produce any measurable decrease of electric 
strength is probably due to the small size of the colloidal particles. It is 
improbable that they are of linear dimensions greater than 2 x 10"® cm., 
and if they are assumed to be spherical, although the mean held E would 
be iniireased to at the surface of each sphere, the increased field is 
maintained only over a distance comparable with the radius of the particle. 
thus at a distance of 10"* cm., the field would not exceed 1-26 E, The theory 
and experimental results on thui layers of mica indicate that breakdown 
can occur in an electron path of this length only at considerably increased 
fields. 

In view of this negative result and the difficulty of making reliable 
measurements on glasses made in small batches it was decided not to 
examine coloured glasses of the solid solution type. The change of electric 
strength would, in any event, be small since the amount of metal which 
may be introduced is minute. 

(/) Organic dielectrics 

A brief note is given of the behaviour of more complex organic dielectrics 
as employed fur industrial electrical insulation which show properties 
different from those of the preceding materials. The tests to be quoted were 
made on sjmthetic resin (Bakolite), shellac, bituminous and natural resin 
oil varnishes, the last two containing, however, a small addition of synthetic 
rMin. Films of these varnishes were oast on tin foil on which small spherical 
projections had previously been formed. After appropriate heat treatment 
the tin foil was dissolved in mercury leaving a film of varnish containing a 
number of spherical recesses and forming thus a multiple specimen of the 
type already described. The recesses were sprayed on both sides with 
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colloidal graphite to form the oonduoting coatings. The samples were not 
immersed directly in liquid nitrogen since the rapid cooling caused the 
films to crack, but were tested by a method similar to that employed for 
mica, using iso-pentane as ambient medium at low temperatures, and 
transformer oil at other temperatures. 



tumporsture (® K) 

Fiocbk 6 . Klectrio strength of varnish films. A, clear baking oil varnish (0'03- 
0 06 min.). B, sliollao (dewaxed lemon) vamisli (0 006-0 06 min.) C, bitummous 
baking vamuh (0 03-0'05 mm.). D, b^ehte vamudi (0'03-0-06 ram.). Curves are 
drawn through mean values. Vertical hoes represent dispersion from moan to 
maximum. 


The results are shown in figure 5 and indicate that the electric strength 
of these dielectrics decreases very greatly but in a somewhat irregular 
manner with increase of temperature. It is noticeable that at 80® K the 
electric strength is as high as that of some micas although much less at 
room temperatures. It is difficult to explain such an effect in any simple 
way on the basis of the theory of electronic breakdown as advanced and 
speculation must be deferred until pure organic dielectrics of known simple 
structure have been studied. 
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SUMMABY 

Intrinsic electric strength, a property of homogeneous solid dielectrics, 
is defined and methods of measurement suitable for a wide range of 
materials and conditions are described. 

A comparison of ex£)erimental results with FrohUch’s theory yields tho 
foUowmg conclusions. 

(o) The electric strengtlis of mica, quartz, potassium bromide and 
(from von Hippol’s work) other alkali hahdes agree with tho theory, 
though tho limits of uncertainty duo to lack of infra-red data for tho first 
two are rather wide. 

(6) The effect of temperature on the electric strengths of mica and 
potassium bromide agrees qualitatively with the theory, while for mica 
tho agreement is also satisfactory quantitatively. 

(c) The electric strength of mi«!a increases when the thickness is reduced 
to the order of a few moan free paths and tho agreement is quantitative to 
the accuracy with which calculation is possible. Indirect corroboration of 
the existence of this effect is afforded also by the absence of effect of 
colloidal metallic petioles in glass. 

(d) Fused quartz has a relatively higher electric strength than crystalline 
quartz corresponding to the prediction of the theory that disorder mcreases 
the electric strength. Expenments on mica indicate that, as the theory 
suggests, the electric strength is not sensitive to microstructure. 

In addition the electric strength of mica decreases above 400° K, and 
complex organic dielectrics show a decrease of strength with inoreeuie of 
temperature; Frohlich’s theory does not apply in these cases. 
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Melting and crystal structure 

Bv J. W. H. OliOHAM AND A. R Ubbelohdb 
The. Davy Farculay Laboratory, The Royal Inatitviion 

{Communicated by Sir WiUtam Bragg, P.R S.—Received 27 February 1940) 

The role of varions typos of lattice flaws is diacusseil in their bearing on 
melting and crystal structure. Freezing-point determinations on lattices of 
a single molecule indicate the presence of such flaws in the oiystala of ixily- 
methylone compounds. Freozing-point determinations on composite lattices 
of ketone-1-paraflln and ketone-(-ketone emphasize the importance of the 
rotation of tlie CO group for molting, and indicate that lattice holes arc 
easily formed, without marked lowering of the fhiezjng-puint. Ordered 
composite lattices am formed when the number of holes does not exceed 
12 % of all the methylene groups. 

The results einpha8i/.e the importance of co-operative effects in lattice 
flaws. In the equilibrium state of a crystal, such flaws might anse both from 
energy effects at 0° K, expecially m metals, onrl from energy and entropy 
effects at higher temperatures. A picture of molting is suggested m which 
a network of co-operative flaws breaks up the crystal into a mosaic, or 
aggregate of crystalhne mioollos, and m which the sohd-liquid transition 
IS comparable with a gol-sol transition 

Two main approaches have been explored in the discussion of melting. 

As the temperature of a crystal is raised, the heat motions of the molecules 
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inoreaae. In principle, it must be possible to explain the break up of a 
crystal to form liquid, in terms of these heat motions. Such an explanation 
emphasizes the mechanical aspect of melting, and defines the melting point 
as the temperature above which the solid no longer exhibits elastic resistance 
to a shearing stress (cf. Bom 1939; Lucas 1938). 

Mechanical theories of melting are of particular interest in linking up the 
phenomenon with that of plastic flow in crystals. With the experimental 
evidence at present available, however, the rather different approach from 
the standpoint of formal thermodynamics promises to give more detailed 
information on the relation between melting and crystal structure. On 
changing from solid to liquid, an assemblage of molecules increases its heat 
content, owing to work done against intermolecular attractions, and also 
increases its entropy, owing to increased freedom of motion in the liquid. 
At the melting-yiomt, the free energy O = // — T 8 of the liquid becomes 
equal to that of the solid. X-rays and other methods of investigation 
(e g. Debye 1939) indicate that both solid and liquid jmssess ‘structure’, 
and theories of melting aim at calculations of the heat content and entropy 
in terms of this structure (e.g. Lennard Jones and Devonshire 1939, Frank 
1939; Irany 1939; Wannier 1939; Mott and (lumey 1939; Frenkel 1939). 

The present paiier describes further experiments designed to throw light 
on the relation between structure and melting in poljmethylene lattices. 
As far as is known, the melting-points of long-chain paraffins and of their 
derivatives reach limiting values (convei^cnce tem|)eratures) as the chain 
length increases. The entropy and heat of melting appear to increase 
mdeflnitoly with chain length (cf. Ubbelohdo 1939). Since chemical means 
are available for introducing small iierturbations in the lattice, effects can 
be investigated which might be much more difficult to detect in other 
compounds. For example, the data for the specific heat of octadecano 
(Ubbelohde 1938, referred to as (I)) suggested that a sigmficant proportion 
of flaws might persist in the crystal m equihbrium, even below the melting- 
point. This would imply that the mechanism of melting involves the dis¬ 
semination of crystal flaws to such an extent that the lattice can no longer 
maintain any kind of rigidity. Furthermore, the effects which result from 
the introduction of sheets of dipoles in the lattice (Oldham and Ublielohde 
19396, referred to as (II)) suggested that torsional oscillations of the methy¬ 
lene chains were a factor of some importance in determining melting. The 
investigations discussed below give fresh experimental support for the 
process of melting suggesteil in the earlier papers. They include detailed 
measurements of cryoscopic heats of fusion over a narrow range of tem¬ 
peratures, and establish the existence of (ordered) solid solutions of a new 
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type, whose structure throws fresh light on the melting of polymethylene 
lattices. 

CbYOSCOKO HBATS of fusion of OCTADEOANB and DlOOTYIi KBTONB 

If the number of flaws in a solid increases rapidly towards the melting- 
point, the lattice energy of the crystal must show a corresponding decrease. 
It might be expected that the liquid phase would not show changes of the 
same order of magnitude, and in this case there should be an appreciable 
drift in the heat change from solid to liquid, as the temperature of separation 
of the sohd is lowered by the addition of impurities. The specifio heat data 
for octadecane (I) suggest an increase in the beat of fusion of about 8 % 
over a few degrees fall in freezing-point. This should be detectable in careful 
determinations of the freezing-point depressions. 

The effect of foreign molecules on this method of detecting premelting 
may be contrasted with their effect on speeifio-hoat determinations. Foreign 
molecules may be distinguished accordmg to whether they dissolve only in 
the liquid phase (Raoult impurities), or whether they dissolve fairly freely 
in the crystal as well as in the liquid phase. In specific-heat determinations, 
molecules dissolving freely in the crystal have only an indirect effect on 
premelting, whereas Raoult impurities can give rise to spurious specific 
beats owing to the production of liquid below the apparent melting-point. 
[Owing to a numerical error, the possible effect of Raoult impurities was 
underestimated in (I); the figure of 11 moles % on p. 298 should have been 
I'S mole %. The other reewons for believing that the specific-heat curves 
cannot be accounted for on the sole assumption of Raoult impurities are 
not affected by this mistake. A further pomt not previously mentioned 
in this connexion is that no two premelting curves can intersect if they are 
due to Raoult impurities, as can be seen by substituting different values 
of ATjf in the equation AC = LfATjujAT',] 

Determinations of the ciyoscopio constant are a useful check on the 
specific-heat curves, since the importance of different types of foreign 
molecules is reversed. Small amounts of Raoult impurities initially present 
will not affect the slope of the fi^zing-point curve, and are immaterial. 
Impurities dissolving freely in the crystal are more serious, since it was 
found (n, p. 332) that they lessen the apparent depression of the ffeezing- 
point, and might mask a drift in the cryoscopio constant. From t^ 
experiments described below, it seems likdy that this type of impurity 
packs into the solid leaving holes, which dissolve some of the solute and thus 
lessen the depression of the freezing-point (equation (9)). In order to obtain 
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Bignificant values of attempts were made to keep the concentration 
[^i] of solute molecules in the cr3rstals as low as possible, by carefully 
purifying the octadecane and diootyl ketone, and by selecting as solutes 
molecules of such a shape as to make dissolution in the solid unlikely. 
In order to avoid uncertainties due to association, only hydrocarbons were 
used as solutes. 

The equilibrium temperatures were measured on cooling the melts, using 
a calibrated micro-Beckmann thermometer. Reproducible results were 
obtained when the vessel containing the melt was insulated by an air ga}) 
from an outer bath kept within about 0*3’’ of the temperature of the melt, 
though no change In freezing-point could bo detected when this interval 
was increased at least to 1° C. The melt was stirred by a platinum ring 
actuated by a hollow glass rod, and it was found important to shield it ftom 
sunlight, or even from powerful electric lights, which appeared to have 
a marked effect in raising the temperature of pol3rmethylene liquids. 
Addition of the solute was made in the form of small weighed pellets. 

The values of the cryoscopic constant are calculated using the Hildebrand 
equation 



and applying the method of least squares. The weights of solute added were 
chosen so as to give successive depressions of about 0*030° in the freezing- 
point of the melt, so that each temperature range corresponds with a 
Hildebrand equation smoothed from ten to twelve successive observations 
of the freezing-point (table 1). 


Table 1. Cryoscopic constants 


Diootyl intone (CgHi,),CO. Freezing-point S0*230 ± 0*005°. Solute: dibenzyl 


Temp, range ° C (koal./raole) (oal./mol./deg.) 


60*23O-49*026 

49*907-49*697 

49-285-48-916 

48*876-48*436 


13*30 41*16 

18*19 40*86 

18*77 42*74 

13*78 42*83 


The values may be compared with the average heat of fusion determined 
by a rougher method, over the range 60*0-47*0°, i.e. 13*7 kcal./mole 
(II, p. 331). Although a drift in the cryoscopic constant is suggested by 
these values, the effect is hardly sufficient to warrant an extension of the 
very laborious observations to other solutes. Premelting in Octadecane 
might be expected to be considerably larger, owing to the fact that the 



54 


J. W. H. Oldham and A. R. Ubbelohde 


energy required to produce a flaw of a given t}rpe is considerably smaller 
in a hydrocarbon (see table 2), 

Table 2. CJaYoaoopio constants 

Octadeoane C„H„ Froezing-pomt 28 096 ± 0 00S°. 

Solute: napthalnno (meltmg-point 81®) 

Temp, range ° C (keal /mole) (cal /mol /deg.) 


28 096-27-817 • 13 98 46-60 

27 764:-27-628 14-36 47-71 

27-403-27-084 16-12 60 33 

27 020-26-718 15 21 60-71 

26 660-26-360 16-13 60 61 

26-208 26 049 16 08 60 40 


A confirmatory series of experiments was carried out using camphene 
as solute. These gave evidenco of a corresponding drift, but as the solute 
was of doubtful purity the numerical values are not given. 

In the experiments with naphthalene, a second crystal form of octadecane 
was twice observed to separate from the melt Since the freezing-point 
was lower, this corresponds with a metastable phase which is probably 
identical with that previously described (Smith 1932; (I), plate 2 tt 4 ). A 
rough cryoscopic estimate of the heat of fusion gave 13'5 kcal./mol. 

The interpretation of the above results depends on the validity of the 
Hildebrand equation, and of Raoult’s law on which it is based. Although 
the range of application of Raoult’s law has been criticized (Guggenheim 
1937), the good agreement with equation (1) obtained for certain pairs of 
molecules over a wide range of concentrations (see below, and cf. Hildebrand 
and Sweeny 1939) suggests that the observed drift in the heat of fusion is 
not due to a wrong application of Hildebrand’s equation. The experiments 
are most simply interpreted on the view that a polymethylene lattice has 
an appreciable proportion of fiaws in the solid state, in the neighbourhood 
of the melting-point. They do not, however, give any precise picture of 
what these flaws are like. 


Defect lattices and melting 

Simple types of lattice flaws have been suggested in the case of regular 
lattices of spherically symmetrical molecules (Wagner and Schottky 1930). 
The heat content of the crystals increases when some of the molecules are 
removed from their equilibrium positions, and are either built on to the 
outside of the crystal, leaving ‘holes’ in the lattice, or are moved to 
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interstitial positions, forming regions in the lattice where the repulsion 
energy is larger than the average. Diagrams illustrating these flaws are 
given in figure 11 a, 6. Owing to the fact that the crystal increases its entropy 
by the lack of order introduced, both types of flaw become more frequent 
as the temperature rises. 

When there is no interaction between neighbouring flaws, a simple 
expression for the f^tion njN of defect sites in equilibrium at any one 
temperature is nfN = e-^nkT 1933), where E is the ‘hole energy’. 
In a polymethylene lattice the energy per CH, group is about 1 • 1 x 10““ erg, 
and if it were possible to produce holes with this energy in a crystal of 
a normal octadecane as much as 30 % of the lattice might be defective near 
the melting-point. It seems likely, however, that owing to the interaction 
of neighbouring sites in a crystal, ‘co-operative’ defects may be at least 
of equal importance for melting, as isolated flaws. A more precise picture 
of such flaws is discussed below (cf. figure 11c). 

In order to test some of the possibilities experimentally, it was decided 
to investigate the molting of solid solutions of closely related molecules. 

The melting of solid saltUiona An exhaustive discussion of the formal 
thermodynamics of solid solutions, m equilibrium with their melts, would 
occupy undue space, but those aspects of the subject which are directly 
related to the present experiments can be briefly summarized. It is sufficient 
to consider an equilibrium involving two components, whose mol fractions 
in the liquid phase are iVj, and in a solid phase in equilibrium with it 

[N,]- 

At equilibrium, the partial molal free energy of either component must 
be the same in the solid and liquid phase, o.g. 

= and 6, = [S,]. 

The simplest case arises when one of the components is practically insoluble 
in the soUd phase, so that = 0. Using standard results, 5 = — TS. 

When the concentration of the second component is small in the liquid 
phase, it is plausible to write for this phase 

= ( 2 ) 

where HI is the molar heat content of the pure liquid, and also 

S,^Sl-Rlog,N„ (3) 

where 5? is the molar entropy. With these assumptions, the only effect of 
the component 2 in the liquid phase is to increase the partial molal entropy 
of the first component by the ‘mixture’ term -.BloggJVi. 
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Neglecting changes in entropy and heat content due to changes of tem¬ 
perature, equilibrium will be established between (pure) solid and melt at 
a temperature T such that Q^ = TE^ = [E{\ - T[Ei]. 

Substituting from the above equations and transposing 

T{Sl-Rlo(uN^-[8^]) = ff?- [5i]- (4) 

For the pure solid L^il = {R^ and [5i] = [/SJ]. (6) 

Also = and AS, ^ AH,jTja =- (6) 

where Tj^ is the melting-point of the pure solid m the absence of the second 
component. 

Substituting in equation (4) and rearranging, it is seen that the above 
assumptions lead to the Hildebrand solubility equation 

AH,(\IT„-\IT) = mog,N^. (7) 

The experiments rocorrled in figures 9-10 show that when the pairs of 
components do not pack easily into a crystal lattice, so that solid solution 
is unlikely, this equation is obeyetl in considerable detail, over the whole 
range of mixtures of long-chain comfiounds. 

When the components can pack with ease into a crystal lattice, solid 
solution occurs. There is no reason to modify equations (2) and (3) for the 
liquid phase, but the equations (6) have to be modified, in view of the fact 
that [N,] is no longer negligible. 

The most obvious assumption is to write for the solid lattice, by analogy 
with the liquid, whose structure is not so very different, 

[£fi] = [H;] and [6’x] = [-S?]-7?lofc[Ni], (8) 

and the solubility equation now becomes 

- l/T) = R log, NxM. (9) 

When Nj = l—Ni and [Nj] = l —[ATJ are both small, /?logeN,/[Nx] is 
approximately equal to 

Jtm-N,) = RNMN^yN.-l), 

so that equation (9) corresponds with equation XX (19) given by Lewis and 
Randall (1923). 

A comparison of this equation with experiment shows, however, that 
the assumptions from which equation (9) is derived cannot apply when the 
extent of solid solution is large. For example, in mixtures of n . hexadecane 
with n.hexadecene-1 (Langedijk cuid Brezesinska Sraithuysen 1938), 
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J\ri/[JVJ~0>98 for hexadeosne when so that there would be 

practically no depression of freezing-point according to equation (9). In 
actual fact, the freezing-point in ° K is found to obey very approximately 
a linear equation of the form 

T = = 290-9- 13-8JVi. 

Similar equations are found to apply to other pairs of components with 
closely similar molecules, such as polymethylone hydrocarbons (Piper, 
CJhibnall, Hopkins, Pollard, Smith and Williams 1931) and molecules built 
up from isotopic atoms (e.g. Kmis and (Husius 1938), 

The interest of such mixtures for theories relating molting with crystal 
structure is that the mixture term — R log, does not change sufficiently 
on melting to have more than a subordinate effect on the equilibrium 
temperature. It has to be assumed that in composite crystal lattices the 
heat content [H] =* and especially the entropy of the 

solid [<Sf] = [i^i] [5i] + [A^j] [i5j], show a dependence on structure which is 
not allowed for in equations (8). To a first approximation, the entropy of 
mixing can be neglected altogether, and a plot of freezing-point against 
composition of the melt can bo regarded as giving direct information on the 
relation between melting and structure. Various usee of this result are 
illustrated by the experiments desoribed below. 

Rotational factors in the melting of -polymethylene lattices. A convenient 
type of lattice for investigating the relation between structural flaws and 
melting is that of polymethylene chains with a single CO group. The crystal 
structure of these compounds is frequently simpler than that of the corre¬ 
sponding paraffins, and can briefly be described by stating that the 
polymethylene chains lie parallel in the crystal, normal to the planes 
separating successive layers, and that the dipoles form sheets extending 
throughout the crystal. Owing to the fact that the polymethyleno chains 
are not indefinitely long, the location of these sheets of dipoles with respect 
to the ends of the chain has a characteristic effect on the freezing-point (11), 
but if extreme cases are excluded their introduction into the lattice of 
heptadecane raises the freezing-iioint from about 296 to 314° K, and in¬ 
creases the entropy change on fusion from about 34-0 to 40-4 cal./mole/deg. 
(A similar comparison between CigHjgO and CigHgg is hampered by the 
different crystal structure of pure ootadeoane.) 

When these layers of CO dipoles completely replace the corresponding 
CHg groups, they contribute an additional energy of about 5*3 kcal./mole 
or 3-7 X 10-“ erg per dipole. A rough picture of melting in this lattice 
would be that as the temperature is mised, at first a few dipoles begin to 
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rotate, and that, owing to the resultant weakening of the oo-operative field, 
the number rotating rapidly increases. The average attraction energy of 
fireely rotating dipoles becomes comparable with that of CH, groups, so 
that when the dipoles are freed by rotation the lattice flaws correspond 
with those of heptadecane, and the crystal melts. 

With this picture, the effect of temperature on the ketone lattice could be 
imitated by packing paraffin molecules of the same chain length into the 
crystal. These paraffin molecules would correspond with the rotating 
molecules in the lattice of the pure ketone The first few would have little 
effect on the melting-point, but as the co-operative field is weakened by the 
addition of more paraffin molecules an almost catastrophic increase of 
freedom must be reached at a critical concentration of the paraffin. On the 
other hand, if ketone molecules are packed into a paraffin lattice whose 
molecules are of the same chain length, they would not be expected to 
affect the melting-point appreciably until their concentration is high enough 
to lead to a co-operative field. 

This picture of the melting of these composite lattices corresponds in 
some detail with the experimentally determined froezing-point curves of 
ketone/paraffin mixtures (figure 1). Throughout the series, experimental 
points are joined by broken lines. Tlie Hildebrand freezing-point curves 
(continuous lines) which would apply if there were no solid solution have 
been included for comparison, and were calculated from equation (7), using 
previously published data (II, p. 331). Tlio fact that solid solution takes 
place can be inferred from the freezuq^-points, which he above the 
Hildebrand curves. On the basis of equation (9), [jV,]/JVg~0-76 for small 
concentrations of ketone in paraffin, and [i^]/JVi~0’2 for small concen¬ 
trations of paraffin in ketone. These are probably lower limits, but 
the amount of material was insufficient to estimate the ratios by an 
independent method. 

From figure 1, it will be seen that for the ketones C^HagO (n=> 3,4,6,6) 
the oo-operative field appears to become significant at a concentration of 
about 30 dipoles %, whereM for C„H„0 (n=s8) the critical concentration 
is about 16 %. Both these estimates are necessarily very rough. The method 
of obtaining these curves is given below. 

Defect flaws in the melting of pclymelhylene lattices. The simplest way of 
regarding a composite lattice is to start with pure crystals of one component, 
say n.Ci^Hgg, and to imagine what happens when a number of molecules 
are removed from the crystal, and are replaced by molecules of closely 
similar structure. Just as in the examples discussed for spherically sym¬ 
metrical molecules (Wagner and Sohottky 1930), two main types of flaw 
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will result in the composite lattice. When the added molecule contains more 
methylene groups than the number removed, or when it contains side chains 
such as (CH3),CH.(CH,)xaCH„ it will only be possible to pack it into the 
lattice of n. C17HJ, by using the interstitial space, producing a considerable 
bulge in the regularity of arrangement. The energy associated with such 



ViouBE 1. Freezing-point curves of composite lattices, ketoneparaffin. Upper 
curves. CirH,40 (n = H). Ixiwor curves: CirHM-l-CifHjfU (n = 3,4, 6 and 6). 

‘interstitial’ defects must be fairly high. Both theory and the experiments 
recorded below show that this type of composite lattice is difficult to 
realize. 

On the other hand, when the added molecule contains fewer methylene 
groups than CifHg, it can be packed into the crystal lattice leaving holes, 
whose energy is less than M x 10 eig per missing group. A wide range 
of struoturra with such holes can readily be prepared (e.g. Piper e< at. 1931, 
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Langedijk and Brezesinska Smithuysen 1938). It should be noted, however, 
that a paraffin such as could be moved anywhere along a vacant 

space in the lattice of C17H3,, since the energy difference for three missing 
CHj groups will not vary greatly with the way the holes are distributed 
at the ends of the foreign molecule C14H30. 



Fiqdbk 2. Conipoaito lattico with raiuloin holoH ubtainod by packing 
U„U„0 (»=3) m Ci,H„0 <n = 3). 

In order to obtain composite lattices with a more defimte arrangement of 
defects, it was decided to ‘anchor’ the foreign mulocules by working with 
mixtures of long chain ketones. The probability that the foreign ketone 
will have its CO group in the dipole sheet of the parent lattice can be 
estimated from the association energy to be about ~ 6000: 1. On 

this basis, various classes of defect lattices can be formed. 

Defect lattices with me hale per foreign molectUe. As is illustrated in 
figure 2, composite lattices of this type can be realized by packing together 
any one of the ketones CjgH^O (n = 2,3,4,6,6,7 or 8) with the corresponding 
ketone of the series C17H34O, for example by combining (CaH7)COCi4H,9 
with (C,H7 )COCi 3H,7, and so on. The methyl ketones have a different 
structure and cannot be used in the same way. 
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The experimental reaults for the fieezing-point ourvea ate given in 
figures 3 and 4. It will be noted from figure 3 that when the solid separating 
corresponds with C17HJ4O, the experimental points agree closely with the 




moles % Ci,H„0 moles % CigH,*0 

Fiomta 3. fVeezmg-pomt curves of cotiipo- Fiottre 4. Free/.uig-point curve of oompo- 
8ito lattices C17HMO + Ci,H„0. Flaws 1-0. site lattices Ci,H,40+Cj,H,g0, Flaws 1-0. 

Hildebrand freezing-point curve on the left of the diagram. This indicates 
that, as previously stated, the longer chain, C^Hj^O, is difficult to pack 
into the lattice of the shorter ketone; the extent to which solid solution 
is formed is negligible. On the other hand, when the solid separating 
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correspondB with CigHa,0 (on the right of the diagram), the fireezing-point 
curves lie above the Hildebrand curves. This indicates that considerable 
solid solution of the shorter chain can take place in the crystal of the longer 
chain, thus forming a lattice with holes. 

In addition to this defect lattice, in which the holes are presumably 
distributed at random, it will be seen that a series of ‘compounds’, i.e. 
ordered solid solutions, are formed. Although compounds with non-con- 
gruent melting-points or with a melting-point maximum have been reported 
for a number of other long-chain molecules {Annual Reports Chem. Soc. 1939), 
in previous examples the associating group has always been at the end of the 
chain, so that it would be possible to pack the molecules in layers, without 
leaving any defects in the composite lattice. The present series is of par¬ 
ticular interest in that the associating group is in the middle of the chain. 
For reasons discussed below, it has not yet proved possible to obtain X-ray 
spectrograms of these composite lattices, but it seems likely from energetic 
considerations that the molecules are packed so as to give an orderly arrange¬ 
ment of defects, in which the energy iier hole is reduced by co-operative 
action. 

The range of stability of this ordered lattice is of interest When the 
percentage of longer molecules is increased from 60 % to no more than 66 %, 
it becomes less stable than the (disordered) solid solution of CX7U34O in 
CigHjgO, whereas the percentage of shorter molecules can be raised from 
60 to 75 % before the composite lattice becomes less stable with respect 
to the melt, than (pure) C'l^HagO. This again emphasizes that it is com¬ 
paratively easy to produce defect flaws in polymethylene lattices, but not 
to pack mterstitial groups. 

A further point which is suggested, but not completely proved, by the 
present data, is as follows Under comparable conditions, the entropy 
change on melting the ordered solid solution must be greater than that on 
melting the random solid solution of the same composition. Since the 
temperature of meltmg is given by 3^ = AHfj/lSf, the heat of fusion of the 
ordered lattice in the neighbourhood of = 0’6 must be larger than that 
of the random composite lattice, i.e. there is a co-operative action between 
lattice flaws which lowers their energy below that of a random arrangement. 
This conclusion is so important that further experimental evidence seems 
desirable. At present, the amounts of material available have been in¬ 
sufficient for direct determinations of the heat of fusion; information on the 
structure of the compounds might also be obtained by X-ray methods, but 
it has not yet been possible to obtain exposures in a sufiiciently short time 
(see below). 
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Defect IcUttces wUh two or more holea per foreign molecule. Assuming that 
the CO groups tend to remain anchored in a composite ketone lattice, 
a number of different packing combinations can be realized which have 
more than one hole per foreign molecule. For example, two holes can be 
distributed with respect to the ends of the chain either 1-1 or 2-0. 




JTiauBB 6 Freozing-point curve of oompo- Fiuorb 8 . Frenzing-pomt curve of compo- 
uto lattice Ci,H,,0 (n = 7) + Ci,H,4U (n=K). 8itoIattioeCpH,40(n=:4)-|-Cj,Hg40(n = 5) 
Flaws 1-1. Flaws 1-1. 


The arrangement 1-1 has been investigated by mixing molecules of 
different cham length, CjHjjCOCyHjj-l-CgH^COCgHiy (figure 6). It can 
also be realized by mixing ketones of the same chain length. Only the pair 
Cj, 7 Hj 40 (»=«4-hn=6) is shown in figure 6, but other pairs have been 
investigated and show corresponding behaviour. 

In both combinations, the normal freezing-point curve closely follows 
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the Hildebrand equation. This indicates that any composite lattices which 
might separate have a lower freezing-point than the pure crystals through¬ 
out the whole range of compositions of the melt. Such a result might hare 
been expected from the larger enoi^y required to produce two holes in the 
lattice per foreign molecule. 

In all three types of mixture it has, however, been possible to study the 
freozing-ix)int curves of (metastable) defect lattices, as indicated by the 



moles % CjjHjjO 

Fiotnus 7. Fjw/ing-point curve of corapoeite lattice 
(M = 7)-tC„H„0 (« = 7). Flaws 2-0. 

broken curves. By analogy with the preceding curves, the side branches 
m figures 5 and 6 would correspond with the freezing-points of random 
solid solutions, and the lower cross branch the freezing-point of an ordered 
composite lattice with two defects per foreign molecule. The fact that the 
side branches of these metastable curves are depressed below the Hildebrand 
curves for the pure ketones indicates that the metastable lattices separating 
have a lower heat of fusion. 

Tlie arrangement 2-0 has been realized by mixing the molecules 
CtHuCOC^Hij and C7H„COC^i, (figure 7), and again gives evidence of 
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the separation of (metastable) defect lattices, including an ordered solid 
solution whose stability is greater than that of the random soh'd solutions 
over a considerable range of compositions. JDetails of the occurrence of 
these metastable phases are given below, but it may be stated here that 
their limited life before reorystallization sets in has so far precluded the 
investigation of their structure by X-rays 




FmrKK 8. Fnxizing-point curve C'jjHatO (n = 4) + (.’,,H,eO (n — H) (sliowing 
proluiigHlion of solubility curve liejoncl tlie eutectic). 

Ficjuke 9. Fri'czing-jKiint curvixi of inixtsl ketones l!pj)i*r curve: (n = 4) 

+ C„H„0 (n = 8) Lower curve. t'„H,/»(n = 4) -f C, ,H„0 (n = 6). 

The investigation of combinations of ketones which would i^ack with 
more than two holes per foreign molecule showed that the melting-points 
of such composite lattices are so much lower than the Hildebrand curves, 
that they are difficult to realize ex|jonmentally. The prolongation of the 
solubility curve of CgH„COC,Hij, beyond the eutectic in figure 8 is note¬ 
worthy. This crystallization of a metastable phase seems fairly common in 
polymethylene lattices (cf. other examples in this pa{>er, and Keffley and 
Maiden 1936). It provides further illustration of the rule of successive 
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states (of. (Ill)), and its frequent ocourrenoe is probably connected with 
the large entropy change on freezing these melts. Figure 8 also shows how 
closely the combination 4-3 obeys the Hildebrand equation, and figure 9 
illustrates the results for the combinations 2-2 and 4-4. 



moles % 

FiiirBE 10, (a) MwAmylC,HiiCOC„H,i + C„HMO(n = «). 

(6) ieoAmyl C,Hi,C0CiiH,i + C„H,40 (n = 5). 

(c) woAmylC,H,iCOCaH,i + C„H„. 

Finally, the curves of figure 10 were obtained for the isoamyl ketone, 
(’^HuC’OCuH,!, in order to investigate its behaviour when mixed with 
other molecules which wore unlikely to pack into a composite lattice owing 
to interstitial repulsions. Comparison of the experimental points with the 
Hildebrand curves shows that solid solution is negligible between this 
ketone and C17H34O (n = 8). The isoketone dissolves to a small extent in 
the lattice of C77H34O (n = 5), but not vice versa. It also dissolves to 
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a measuiable extent in the lattice of Ci7H3f, but not vice versa. All these 
examples can be summed up by the statement that interstitial flaws are 
difficult to produce in these lattices. 


f’RYOSCOPlC DATA 


Owing to the necessity for economy in the use of materials, the majority 
of the freezing-point curves were determined by a previously described 
method (II, p. 330) New cryoscopic data are recorded in table 3. These 
data were obtained for compounds prepared and purified by tested methods 
(II; Oldham and Ubbelohde 1939a), though the purity of the products could 
not be verified as fully as m the series C,7Ha40. This might mean that the 
above values are too high, owing to the spurious rise in cryoscopic heats of 
fusion when homologues favour solid solution (cf. II, p. 332). A comparison 
with other data is nevertheless of interest for theories of the relation between 
melting and crystal structure Tims the mtrotluction of one isomethyl group 
in C17H34O lowers the entropy of fusion by about 6-6 umts, and the heat of 
fusion by about 2 x 10~‘® erg per molecule. Again, the ketone CigHj,0 (n =: 5) 
has an entropy of fusion some 5*2 units greater than Ci7IIm^ 
increase is considerably greater than the difference {xir (^H.^ group for 
homologous ‘vertical’ paraffins (darner’s formula gives about 2 entropy 
units jier CHj group). Finally, the ketone C7Hi4COC7H,4 has an entrojiy 
of fusion about 6-5 units lower than the ketone CgHijCOCgHu. 


Substance 

t-’nHuO {n = (i. 

/Aoamyl) 

t-’i5H„0(n=7) 


Table 3 


Entropy of Hout f>f 
fusion fusion 

Solute (cal./mol./dog.) (kcal./molo) 

(C,H,CH,), 4«7 U6 

Uther ketonns 33 H 10 0 


Tm (“ C) 
460 
22 4 


(C.H.C'H,), 


110 410 


Life of metastable phases As a preliminary to X-ray investigations, it 
was necessary to determine the stability of the com[)osite lattices whose 
formation had been detected from the freezing-point curves. Although the 
X-ray investigations have boon deferred, the nature of the results may be 
briefly indicated. 

Using the technique described in (II), a sealed tube containing a melt of 
the appropriate composition was quickly cooled to produce a small quantity 
of solid. In the case of the metastable phases this solid had a transparent 
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appearance quite different from that of the pure ketones. The persistence 
of this solid was tested by plunging the tube into a bath maintained at various 
temperatures. The freezing-point curves mark upper temperature limits 
above which the phase would not persist. Some practice is required to 
obtain good results, which depend in jiart on the slow growth of solid from 
liquid near the freezing-]X)int. In the case of metastable lattices, the solid 
was found to melt freely above the temperatures indicated by the broken 
curves, provided the tube was not kept too long at a lower temperature 
before testing the }>ersi8tence. If a critical period was exceeded, then on 
plunging the tulie mto the testmg bath only partial melting of the solid took 
place and was immediately folloaod by hazing and resolidificatinn of the 
contents When this happened, melting could not be completed till the 
testing bath was raised above the Hildebrand temperature for the melt. 
The critical life of the inctastable lattice limits the exjieninents which can 
be performeil to elucidate its structure. Typical i-esults are reprotliiced in 
table 4 

Tablk 4. Recrystaluzation ok (ordered) defect i^ttices 


Comjxwitum 

FrwfZUiK* 

Testing 




l»omt 

batli 

Cooling 

Life 

{n = 4 + n = !i) 

"C 

“C 

“C 

inin 

A', = () 40 

290 

-1-1 1 

-0 9 

5 

0 47 

29 7 

-1-10 

-0 7 

70 




- 1 2 

38 




- 1 8 

I.5 




-3 0 

6 

0 .W 

29 6 

+ 1 0 

-1 2 

30 

oca 

29 7 

+ 14 

-0 7 

17 

0 63 

20 a 

+ 1 2 

-0 8 

1 


In this table, the third column indicates the temperature of the testing 
bath, above the observed freezing-jximt, and the fourth column the tem¬ 
perature at which the tube was maintained in order to measure the life of 
the phase. These and other exiieriments showed that this life decreases 
rapidly with increasing cooling below the freezing-]x>int, and also as the 
cum])osition of the solid dejmrts mure and more from the 1 : 1 ratio 

Discussion 

The main conclusions from the experiments are* 

(1) In oryoscopic determinations of the latent heat of fusion near the 
melting-point of the pure compound, a drift of about 0 % is observed for 
octadeoane, and a drift not exceeding 3'5 % for dioctyl ketone. 
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(2) Freezing-point ourres for mixtures of a ketone with a paraffin of 
the same chain length indicate that whereas ketone molecules can pack 
fireely into the paraffin lattice, without much affecting the transition tem¬ 
perature from solid to liquid, the paraffin molecules at first pack with some 
difficulty into the ketone lattice. Beyond a limiting concentration of 
paraffin there is a ‘ catastrophic ’ breakdown, comparable with that which 
occurs on melting a ketone. 

(3) Freezing-]X)int cmves for pairs of closely related ketones indicate 
that both ordered and random defect lattices are much more readily formed 
than soUd solutions with interstitial groups. When the numlier of holes 
does not exceed two ixir foreign molecule, or 12% of all the methylene 
groups, ordered solid solutions are formed whose maximum melting-point 
IS not very different from that of the next lower ketone. When these ordered 
composite lattices are metastable, their Ufe diminishes rapidly on cooling 
below the freezing-point, or on varying the composition from the 1: 1 ratio. 

From these conclusions it is ^Hissible to make the following inferences: 

(1) The cryoscopic data support the previously made suggestion that for 
octadecane lattice flaws must make an ap])reciablo contribution to the 
lattice energy m the neighbourhood of the melting-point. This implies that 
the whole of the structural entropy change on ])as8ing from solid to liquid 
does not take place at one temperature. The present exi>eriments do not 
exclude the possibihty of an isothennal entropy increase at a true melting 
‘ ][>uint ’, in addition to the gradual increase up to the melting-point; in fact, 
they are most readily interpreted on this basis. Furthermore, the cryoscopic 
data on octadecane do not decide what type of crystal flaw is chiefly 
responsible for melting. 

(2) The cryoscopic data on ketones lead to a more definite picture of 
lattice flaws of importance for melting. Composite lattices of a ketone 
with a paraffin of the same chain length behave in a w'ay which indicates 
that a rotation of the CO group favours melting. Composite lattices of 
pairs of ketones of closely similar structure hehave in a way which indicates 
that holes are readily formed in polymethylone lattices. The waxiness of 
these compounds may be connected with this property. 

On this basis, a paraffin lattice such as octadecane might begin to increase 
its structural entropy by forming lattice holes Isolated holes could only 
be formed in sequences parallel to the lung axis of the molecules, but the 
behaviour of ordered defect lattices strongly suggests that a crystal can 
lower its lattice energy by grouping its thermal flaws into a co-operative 
system. A single crystal traversed by such a network of co-oiierative flaws 
would not differ appreciably from the crystal mosaic familiar to X-ray 
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apectroscopiste. An extreme statement of a micelle theory of melting would 
compare the phenomenon with a sol-gel transition in which the micelles 
were crystalline, and in which the intermicellar molecules could be built 
into the crystalline pattern at lower temperatures. In certain organic 
crystals the energy required to produce flaws may become so small that the 
physical properties are visibly affected (of. perhaps the short-lived tran¬ 
sitional phases in Seyer and Morris 1939) and certain infra-red 

absorption spectra near the melting-point (Taschek and Williams 1939). 

Melting and the mechanical properties of solids 

The view that thermal flaws of a co-operative kmd are a necessary 
feature of crystal lattices in thermodynamic equilibrium (cf. I) receives 
additional support from the examples of co-operative defects described in 
this paper. Owing to the relatively slow attainment of equilibrium in 
co-operative systems (III) it is difficult to make sure that any crystal as 
actually observed has reached a state with the true minimum of free energy. 
Nevertheless, it simplifies the problem to discuss what would be observed 
if it were possible to realize the crystal lattice with minimum free energy, 
right down to 0° K Crystal flaws can then be classified according to their 
contribution to energy and entropy terms in the expression for the free 
energy. 

Contributions to the energy at 0“ K. The possibility cannot be neglected 
that at 0° K a mosaic or lineage structure may have a smaller heat content 
than at infinite perfect lattice. Various suggestions do not seem to be 
admissible (cf. Buerger 1934), but effects connected with the zero-point 
energy may still be of importance. For example, a formal analogy between 
the reflexion of electrons and X-rays by ordered arrangements of atoms 
(cf. Mott and Jones 1936) may extend to their behaviour with regard to 
a crystal mosaic For X-rays, the result of breaking up a perfect crystal 
into a mosaic (Darwin 1914, 1922; Compton and Allison 1935) is to increase 
the range of wave-lengths which cannot penetrate appreciably into the 
lattice, owing to Bragg reflexions A similar effect for the electron waves 
within a crystal would widen the range of forbidden energies in the case 
of a mosaic. For crystals with comparatively wide energy bands, such as 
metals, the modification in lattice energy on forming a mosaic, due to this 
change in the bands, might be sufficiently important to make it the most 
stable crystal structure at 0° K. On this basis it might be possible to account 
for the plasticity of ‘single crystals’ of metals at 0° K, and to explain 
such phenomena as the limiting size of crystallites on plastic deformation 
(Wood 1939), and the fact that the tighter binding of a cold worked metal 
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is in parallel with the increased scattering of electron waves (i.e. the 
electrical resistance) at 0** K. 

The reason for including a discussion of possible crystal flaws at 0° K 
in dealing with melting is that whereas raising the temperature increases 
the proportion of thermal flaws, as mentioned in the next section, an 
approach towards 0° K may increase the flaws due to zero-point energy 
effects, so that certain crystals would never exhibit perfect lattices when in 
equilibrium (cf. perhaps the case of Na, Dawton 1937). 



b 



Fiourk 11. Thermal origin of lattice flaws, (a) Isolated holes in a lattice (b) Inter¬ 
stitial atoms packed into the lattice (r) ('o-o]s'rative flaws coinbmmg both features, 
to form a crystal mosaic. 

Contributions to the energy and entropy at higher temperatures. In addition 
to possible energy effects at 0° K, certain lattice flaws must exist in equi- 
hbrium at higher temjieratures, owing to the intireased entropy of the 
crystal when they are present. Figure 1 1 a illustrates the formation of 
isolated holes in a lattice, and figure 116 the packing of atoms in the inter¬ 
stices (for these lattice flaws cf. Wagner and Schottky 1930). 

Figure 11c illustrates how the co-operative flaws in a mosaic lattice combine 
the characteristics of both types of isolated flaw. Since the mutual potential 
energy of atoms is governed by an expression in which the repulsion energy 
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changes much more rapidly with distance than the attraction eneigy, the 
mosaic has been drawn so as to make a decrease of interatomic distance 
comparatively rare. On this view, the average density of a mosaic should 
be smaller than that of x^erfect regions within it. It will be clear from the 
diagram that the flaw energy {ler atom can be made much smaller in 
a co-ox>erative flaw than in isolated flaws. On the other hand, a co-operative 
action between lattice defects must lessen the number of ways in which they 
can be selected in the crystal, and must thus lessen their contribution to 
tibe entropy. Qualitatively, the result will be that although oo-ox)erative 
flaws can become imixirtant in the crystal at lower temxwratures than iso¬ 
lated holes, they may not increase as rapidly with rising temjierature. 

Lattice flaws and melting. The conventional treatment of melting from 
the standpoint of the phase rule is most conveniently discussed in terms of 
the thermodynamic x>otential O at constant pressure. This quantity is 
greater for the liquid than for the solid x>hase below the melting-point. 
The O, T curves for solid and liquid have no necessary connexion with 
one another, so that they cut at a sharp angle at the melting-jxiint 
T^. The entropy change AS - dOgjdT—dOJdT and the volume change 
AV = -dO^jdP + dOJdP occur kothermally at T^, and a jilot of any 
proiierty such as the heat content against the temperature would show an 
abrupt change at the melting-point. 

Tliis conventional treatment cannot bo regarded as exx>enmentslly 
verifled. Even for quite simple lattices experiments do not show that 
melting is complete at a melting '|K>int’. For example, the volume change 
on melting syiecislly {lure mercury (Smits and Muller 1937) takes xilace 
over a range of U- 024 °. This can no doubt bo explained on the usual 
assumxition of Raoult impurities, but might equally well be due to the fact 
that a sharp phase change is in reality a phase change ‘ of tho second kind ’ 
taking place over a sufficiently narrow range of temxieratures. Tho mathe¬ 
matical treatment of the two processes (Rutgers and Wouthuysen 1937) 
is so similar that the exxierimental foundation of the phase rule requires 
careful verification. It would be rash to attemxit a reformulation without 
further exxierimental information as to what actually hapxiens in the 
transition from solid to liquid, but some of the peculiarities of fluctuations 
in co-o})erative systems must be of imx>ortance (cf. Ill, and Ubbelohde 
19376, p. 300 ). 

If co-oxierative lattice flaws are of imxiortance for melting, as is suggested 
in this xiaxier, it seems difficult to believe that the solid-liquid transition 
can be entirely free from hysteresis, though it might be difficult to detect. 
The sulidivision of a crystal lattice into a micellar aggregate, by a network 
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of such flaws, may perhaps be regarded as a more concrete formulation of 
‘heterophase fluctuations’ (Frenkel 1939; Brody 1939). 

Experimental details of preparation and purification 
Octadecane. In order to have a check on the absence of homologues, this 
hydrocarbon was prepared in two independent ways* 

(a) Octadeoyl alcohol (Th. Schuchardt) was recrystallizod from etliyl 
alcohol, and then from acetone. With each solvent, recrystallizatioi, was 
continued until the setting-point of the substance recovered, on evajmrating 
the mother liquors, converged to within + 0-1° of the setting-point of the 
crystals. Essentially, this method of testing for jmnty uses the fact that 
with a suitable solvent the partition coefficient of an impurity between 
mother liquor and crystals can be much greater than unity. The limiting 
value of the setting-point of the crystals ( 57'9 ± 0 - 1 °) was reached one or 
two operations sooner than this convergence (loint, and is thus a less 
stringent test. The purified alcohol was then converted to iodide, which 
was recrystaUized in a similar manner from alcohol and acetone (limiting 
freezing-point 33-0 ± 0 - 1 °), and was then converted to hydrocarbon and 
purified as previously described (Oldham and Ubbelohde 1938). The final 
setting-point of a sample prepared in this w ay was determined by immersing 
^ calibrated micro-Beckmann thermometer in the melt, and was 28-021 
0 - 005 ° (Smith 1933 gives ineltiiig-))oint 28 - 02 °). The chief impurities in 
this sample would be traces of closely similar hydrocarbons, and of Og,H74, 
which might form solid solutions 

( 5 ) In order to have a comparison sample without these impurities, 
octadecane was also prepared from nonyl iodide by a niodifietl Grignanl 
synthesis (Oldham and Ubbelohde 1938). Nonyl alcohol (Th. Schuchardt) 
was converted to the p. dinitrobenzoic ester by heating with the acid chloride 
at about 110 ° C in a large flask This ester was recrystallized from petroleum 
ether, from alcohol, and from glacial acetic acid, using the convergence 
teat, till a limiting setting-iioint was reached of 48 - 0 + 0-1“. The ester was 
then converted back to nonyl alcohol, and then to iodide. The object of 
this circuitous process was to eliminate chain lengtlis closely similar to 
octadecane at the half-way stage, where the difference in physical pro])ertie8 
is more pronounced, and hence the purification more definite. The nonyl 
iodide was then ‘doubled’ by the Grignard method. The product after 
fractionating in vacuo was treated with Nordhauson acid, and recrystallized 
from alcohol and acetone, using the convergence test. It was then again 
treated with Nordhausen acid, followed by cone H,S04 and water, in 
order to remove any traces of organic solvents which might Iw retained in the 
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lattice. This precaution was adopted since it was observed that when 
a paraffin is recrystallized from OCI4 the crystals give a positive test for 
chlorine for a considerable time, probably because the CCI4 is retained in 
holes in the lattice. Finally, the octadecane was fractionated in vacuo. 
The final setting-point on immersing a calibrated micro-Beckmann ther¬ 
mometer was found to be 28-096 ± O-OO.*}®. Only this sample was used in the 
cryoscopic experiments. Its homogeneity of chain length was oonfirmed 
by the fact that two further treatments with Nordhausen acid (to remove 
added solutes) followed by purification gave final products with the setting- 
points 28-096 ± 0-005 and 28-090 ± 0 005. 

Dioctyl ketoTie. Owing to the comparatively large amounts required, this 
compoimd was prepared by distilling zinc pelargonate in vacuo at about 
420“ (}. The distillate was dissolveil in benzene, and washed with alkali 
and water. Eaters were removed by boiling with alcoholic NaOH, and the 
product was fractionated in vacuo (178-180“, 5 ram.) The crude ketone 
obtained m this way was reciystallized from alcohol and acetone, using 
the convergence test. The final setting-point measured with a calibrated 
micro-Beckmann thermometer immersed in the melt was 50-230 ± 0-006“. 

Other ketones were prepared by previously described methods, and were 
recrystallized from alcohol and acetone till the freezing-point of the crystals 
converged to within ± 0-1“ C with that of the more soluble fractions. 

Thanks are due to Miss I Woodward for her valuable assistance with the 
diagrams, to Professor J. Alexander, Professor J. Frenkel and Dr R. S. 
Jessup for various communications, and to the Managers of the Royal 
Institution for the facilities provided. 
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Isomorphous replacement and superlatticc structures in 
the plagioclase felspars 

By S. H. Chao and W. H. Taylob 
Physics Department, College of Technology, Manchester 

(Communicated by W. L. Bragg, F.R 8.—Received 1® April 1940) 

From X-ray oaoiUation and rotation photographs of a limited number 
of plagioclase felspars it seems probable that the structure type depends 
upon the chemical composition in the folio-wing way. From pure soda felspar 
to at least 22 % lime felspar there extends an isomorphous senes with the 
aUnte structure, baaed on a unit cell with linear dimensions 8 x 13 x 7A 
approximately and oontainuig four molecules of NaALSi,0« or the equivalent 
when (CaAl) replaces (NnSi). There is probably a similar range of iso- 
inorphiBin, near pure lime felspar CaAl^i,0|, with the anorthtte structure 
which has axes 8 x 13 x (2 x 7)A. but is of course very similar to the albite 
structure The charactonstic features of the photographs of the mter- 
mediate plagioclosos eon bo explained, with the help of an optical model, in 
terms of a structure in which sheets with the albite stnicture and shoots with 
the anorthite structure alternate, but mom experimental data are needed for 
the complete elucidation of the problem. 

1. Introduction 

The plagioclase felapars are generally regarded as a continuous series of 
isomorphous mixtures, in varying proportions, of the end-members albite 
(NaAlSigOg) and anorthite (CaAl^ijOg). They are immediately distinguished 
from the orthoclase felspars by the fact that the oleavages (001) and (010), 
right-angled m the latter, are inclined at about 86° in the plagioulases. Tliis 
difference between a typical plagioclase and a typical orthoclase is a conse¬ 
quence of the more complete collapse of the tetrahedron framework aroimd 
the smaller sodium or calcium ions in the former, the main structural 
scheme being the same in all felspars (Machatschki 1928; Taylor, Darby- 
shire and Strunz 1934). Features of the X-ray data for different members 
of the plagioclase group led to the suggestion (Taylor et al. 1934) that these 
minerals may constitute not a single but a double isomorphous series. The 
present paper records observations which mdicate that a more complex 
hypothesis is necessary and attempts to outline an explanation of the 
general features of the exiierimental data. 
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2. ExPBRMKNTAL DATA 

Table 1 summarizes the results of our experimental measurements of 
densities, extinction angles on (010), and axial lengths of the crystallo¬ 
graphic unit cell. The figures quoted in the table must be interpreted in the 
light of the detailed description of the effects observed with each specimen. 

Table 1. Axul lengths of plaoioclasb felspars 

I’crcrntage cumpontion Axial lengths in A 

SliecJnien Ongiii Ab An Or on (010) a b c Density 

A,Albile Auburn, Maine &1-0 .')2 08 10" 812 12 81 717 2'«2 

H. OIlKOclsse Hwldom, Conn 90 5 0.5 — 12° (81) 1281 71« 2-<l8 

C, Oligoclaee Kreegerfl, Norway 77 2 21-8 1-0 8° 811 - 7 Itt 2-fl4 

D, Andeeine Korea ~70 ~J0 — -12" - - (7 U) 2 66 

K, Lobradorite Naiiie, Labtailor 412 571 17 -20° 817 1285 710 2 70 

F, Lsbradonte Rumiia ~8n ~55 ~]0 -20° (8-2) 1286 711 266 

<1, Bytownite Crystal Hay, Minn. 32 8 072 — -31" 8 17 12 88 711 2 60 

II, Bytownite Crystal Bay, Minn 19-8 79 2 Id) -31° — — 711 2 72 

I, Anortbite Mfkyinna, Ja]ian 0-3 991 06 -.16° 8-17 12 88 IdJO 276 

The (hemicalcompiMitmni are quoted as iiercentages of alliile NaAISi,OK aiii>it)iitoCa.\leSI,UM and nrthiKlase KAI8i,0, 
A blank apace in Uui columns headed ‘axial lengtlia' iiuliiatra that no moaeuiement has liwn made, and a numencal 

value ei« loe^ in brackets is known to bn leas reliable, or less aceiirate, because of some special px|)erinienlal dUllcuJty 

We are indebted to Professor C. D, Jeffries of the State College, Penn¬ 
sylvania, U S.A,, for all the materials except specimens D and P and for 
the information as to place of origin and chemical composition quoted in 
table 1. We also wish to thank Professor R. C. Emmons of the University 
of Wisconsin for his help in arranging the supply of specimens. Wo are 
grateful to Dr E. Spencer for specimen F and for the chemical analysis of 
this material, and to Professor S. Kozu for specimen D. No chemical 
analysis is available for this Korean andesine, and the composition quoted 
in the table is estimated from the measured density and extinction angle 
on (010). 

The densities were deterrainctl by dotation, and are probably accurate 
to ±0-01. 

The unit cell dimensions were determined from X-ray rotation and 
oscillation photographs. When a small single crystal is mounted with a 
crystallographic axis parallel to the vertical rotation axis, the reflexions 
registered on a cylindrical film are arranged on a series of straight hori¬ 
zontal layer-lines • the separation of the layer-lines, measured in reciprocal 
lattice co-ordinates, is inversely proportional to the length of the crystallo- 
graphio axis about which the crystal rotates (or oscillates) (see figure 1). 

For a few photographs molybdenum radiation (A = 0 - 710 A) was used, 
and for the rest copper radiation (A= l-.'i 4 A). 

The experimental materials appear to fall mto three groups, which 
are described below. Before proceeding to discuss the features which 
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differentiate one group from another, it is, however, necessary to emphasize 
that to a first approximation aU the structures are the same, corresponding 
X-ray photographs being very similar in general appearance and differing 
only in detail. 



albiteo=7A anorthite o= 14A labradorite o=35A 

FiGxmE 1. Diagrammatio repreoentation of c-axia rotation photographs. Individual 
reflexions are not shown, the positions of the observed layer-lines (in reoiprooal lattice 
co-ordinates) being represent^ by continuous linos. For simphcity, the length of the 
e-axis is taken to be 7A m albite, and a multiple of 7A m other plagioolases, the 
difference between the lengths of the albite true axis (7-16A) and anorthite pseudo- 
axis (7’10 A) being neglected. Prmcijial layer-lines (drawn in thick line) are in the 
same positions m the three photographs, but are numbered differently m accordance 
with the length of the true axis in each case. Single subsidiary layer-lines (in tliin 
Ime) appear midway between principal layor-lmes m anorthite, indicating an axis of 
length 2 x 7A. Pairs of subsidiary layer-lmes appear between principal layer-lines 
m the labradorite specimen represent^, and correspond in position to the 2nd and 
3nl, 7th and 8th, etc., layer-lines for an axis of length S x 7A. Dotted lines mdicate 
the positions of layer-lines not observed experimentally, or containing at most a few 
exceedingly feeble reflexions 

(i) AlbiU and isomorphous structures 

Specimens A, B, C represent an isomorphous series with the albite 
structure, based on a unit cell with axes a=>8’llA, 6 = 12 ' 85 A, c~ 7 - 16 A, 
and with interaxial angles which presumably vary slightly according to the 
composition of the material but are not determined in the present work. 
The unit coll contains four molecules of composition NaAlSigOg in the case 
of pure albite, and when lime felspar is present replacement of (NaSi) by 
(CaAl) takes place without serious disturbance of the structure. The limit 
of the range of isomorphism is not fixed with any accuracy: it extends as 
far as C with 22% lime felspar, but not as far as E with 67 % lime felspar; 
the data for D (~ 30 % lime felspar) are not sufficiently complete to de¬ 
termine whether this material falls within the isomorphous series. 

Peculiarities of the photographs which appear to be of minor importance, 
and which await further investigation, are as follows: in a-axis photo¬ 
graphs there is a tendency (apparently systematic) for some reflexions to 
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be very eJightly displaced above or below the layer-line on which they 
should be centred, which results in layer-lines of rather uneven appearance; 
and in b-axis photographs we have observed very weak satelhtes, which 
accompany the stronger reflexions, appear in the same positions in photo¬ 
graphs from different specimens, and may ^lerhaps be due to partial 
twinning. 


(ii) Anorthtte and tsomorplioua structures 

Specimens I and H probably represent an isomorphous series with the 
anorthite structure, differing slightly from the albite structure, and based 
on a imit cell with axes o »=8 17A, 6 = 12-9A, c = 2x7-10A. (The inter- 
axial angles are not determined by our methods of measurement.) This 
unit cell contains eiq}\i molecules of composition CaAl^SigOg in the case of 
pure anorthite, and replacement of (CaAl) by (NaSi) is tolerated (within 
the range of isomorphism) without serious disturbance of the structure. 

The difference between the albito and anorthite structures is revealed first 
by small differences between corresponding axial lengths, and secondly by 
the doubled cell in anorthite. Thus we have 8-11 and 8*17A, 12-85 and 
12-9A, 7-16 and 2 x 7-10A, for abc axes in albitc and anorthite structures 
respectively. These may be compared with the data published by Taylor 
et al. ( 1934 ) for quite different materials, viz. 8-14 and 8-21A, 12-86 and 
12-96A, 7-17 and 2 x 7-08A, fur abc axes in albite and anorthite—^figures 
which are slightly different in absolute magnitude but show precisely the 
same relationships. The periodicity of approximately 7A along the direc¬ 
tion of the crystallographic c-axis, which is the true c-axial length in the 
albite structure, is only a pseudo-axis in the anorthite structure; fur a 
single set of subsidiary layer-lines appears midway between the prmcipal 
layer-lines, indicating that the true c-axis is twice the pseudo-axis (see 
figure 1 ). The closeness with which the pseudo- repeat of 7-lOA approaches 
an exact repeat is indicated by the relatively low intensities of the re- 
fiexions lying on the subsidiary layer-lines. These differences between 
anorthite and the isomorphous series of structures of the albite t}rpe appear 
to be firmly established. 

The data at present available are not, however, sufficient to enable us to 
state with equal certainty that a whole senes of isomorphous structures of 
the anorthite type exists up to 20 % soda felspar (specimen H). For 
although in c-axis photographs of this material there are well-marked 
subsidiary layer-lines midway between the principal layer-lines (exactly 
as in pure anorthite, specimen I), in addition a few much weaker reflexions, 
apparently midway between principal and subsidiary layer-lines, can be 
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detected. Only if these exceedingly feeble reflexions are neglected—their 
real existence is in fact rather uncertain—can we suppose the structure of 
specimen H to be effectively identical with that of pure anorthite, but if this 
is accepted, the hmit of the range of isomorphism is fixed between 20% 
soda felspar (specimen H) and 33% soda felspar (specimen Q); for the 
structure of the latter is definitely different Srom that of anorthite (see 
below). 

Further specimens must be examined to confirm the existence of an 
isomorphouH series with the anorthite structure, and to determine the limit 
of the range of isomorphism. 


(lii) Intermediate. plag%oclaJie.ti 

ypecimons E, F, G represent a serusi of structures based on a pseudo¬ 
cell with the anorthite axial lengths, a=8-17A, 6 = 12-9A, c=7-10A, the 
series extends on the lime-rich side to 67% lime felspar (G) but not to 
79% lime felspar (H); the boimdary on the soda-rich side lies within the 
wide range between 41% soda felspar (E) and 77% soda felspar (C)—^we 
have been unable to decide with any certainty whether D, with ~70“'(, 
soda felspar, belongs to this group or to the alhite structures. 

The following features appear to be characteristic of the photographs of 
members of this group of intermediate plagioelases. Fir«t, in a-axis and 
6 -axis photographs there are very weak subsidiary reflexions which may 
be interpreted as mdicatmg the existence of components of the crystal 
structure with (subsidiary) axes a,, and 6,, 6j, inclined at small angles 
( ~ 1°) to the principal axes and 6, respectively, and of the same lengths 
as these axes within the accuracy of our measurements. These subsidiary 
reflexions are much less intense in G than in E and F. Secondly, in c-axis 
photographs there are pans of subsidiary layer-lines lying symmetrically 
on either side of a position midway between principal layer-lines. With 
specimen D a few famt markings may represent subsidiary reflexions, but 
they are so indefinite that they cannot usefully be discussed. In photo¬ 
graphs of specimens E and F well-marked subsidiary layer-lines appear* in 

• Taylor et al ( 1934 . pp. 478, 470) it'jwrt a specimen of labrodonto from Mada- 
giwcar os having a true identical with tliat of anorthite, though the individual 
subsidiary reflexions are different 111 the two crystals. The density is 2'608, and the 
extmotion on ( 010 ) is 20 °, values which suggest a material similar to G and F, mid 
wo And on re-oxammation of the material that the c-axis photographs are m fact 
similar, with subsidiary reflexions lymg on a pair of layer-lines of about the same 
sepiuation as in E and F. The earlier workers, usuig molybdenum radiation and flat 
plates, faded to notice the slight separation of the layer-lines. The length of the 
pseudo-axis is 7 lOA, in agreement with the measurements of E and F. 
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positions which correspond at least to a first approximation to the 2nd and 
3rd, 7th and 8th, etc., layer-lines of a true c-axis of length 5 x 7-1 A, with the 
principal layer-lines as zero, 6th, 10th, etc. A few faint markings may re¬ 
present reflexions lying on the Ist and 4th, 6th and 9th, etc., layer-lines, 
but these are exceedingly feeble and may not represent reflexions at all 
(see figure 1). For specimen G there are subsidiary layer-lines in positions 
which correspond (withm the accuracy of our measurements) to the 3rd 
and 4th, 10th and 11th, etc., layer-lines for a true c-axis 7 x 7’1 A, with 
prmcipal layer-lines as the zero, 7th, 14th, etc., layer-lines of the true axis, 
mid with a few doubtful reflexions (of exceedingly low intensity) on the 
remaining layer-lines. The subsidiary reflexions of G are on the whole 
definitely more diffuse, and weaker in relation to the principal reflexions, 
than those of specimens E and F (of. a- and b-axis photographs, above). 

We do not know whether the separation of the two members of a pair of 
subsidiary layer-lines varies continuously with composition, or in a suc¬ 
cession of discontinuous steps each of which covers a limited but finite 
range of compositions. The layer-lines are more widely separated for the 
soda-rich specimens E and F (‘true’ e-axis 6x7-1 A) than for G (‘true’ 
e-axis 7 x 7-1 A), and those of E seem to have alighUy greater separation 
than those of F; if this apparent difference is real, it presumably corre¬ 
sponds to the higher ratio of soda felspar in E (41-2/67-1« 0-72) than in 
F (36/65 = 0-84). 

Again, we have not established with certainty the presence of exceedingly 
weak reflexions between the well-marked subsidiary layer-lines and the 
principal layer-lines, nor can we assess the significance of a tendency for 
subsidiary reflexions to occur in pairs, one on each of the adjacent sub¬ 
sidiary layer-lines. 

Additional experimental data are necessary if the effects are to be fully 
understood, but even at this stage it is possible to advance, tentatively, 
suggestions as to the nature of the structures of these intermediate plagio- 
olases. 


3. STEUCTURKS of the intermediate PliAQIOOLASES 

Just as anorthite is based on a pseudo-cell of the some size as the true 
cell of albite (linear dimensions 8 x 13 x 7A, neglecting small differences), 
while the true coll is twice the size (with Imear dimensions 8 x 13 x (2 x 7) A), 
so the structure of any intermediate plagioclase may be supposed built up 
by the repetition of unit cells which are absolutely identical one with 
another, eMh oeU having dimensions 8 x 13 x (n x 7) A, where n may be 
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large. Such a structure may be regarded as of the superlattioe type, since 
it is based on a simple pattern with pseudo-cell 8 x 13 x 7A, but involves 
variations in detail which result in a larger true cell. Because of these 
variations, it is probable that no part of the structure is identical with 
either albite or anorthite. 

A structure of this type offers no obvious explanation of the most 
characteristic feature of the X-ray photographs—the appearance of tbe 
prominent subsidiary reflexions only on the centred pairs of subsidiary 
layer-lines in c-axis pictures—^nor does it account naturally for other 
phenomena such as the subsidiary reflexions observed in a-axis and 6-axis 
photographs. We therefore suggest the possibility of an alternative ex¬ 
planation, as follows. 

If it is assumed that regions having the albite structure and regions 
having the anorthite structure coexist within the crystal, and are laid 
down in approximately parallel position m sheets parallel to (001), the 
main features of the effects observed can be explained if the dimensions of 
the sheets cue suitably chosen. The actual calculations for the crystal have 
not been earned out, but our conclusions can be illustrated by means of a 
model in which an optical grating replaces the crystal grating. We are in¬ 
debted to Professor W. L Bragg, F.B.S , for most helpful suggestions and 
discussion of the details of the optical model 

(i) The optical model consists of a diffraction grating in which the lines 
cue separated by uniform intervals d, but m which the strength of the lines 
varies periodically so that regions m which successive hnes are of nearly 
the same strength (F) are separated by regions m which the lines are of 
strengths alternately F + '2e and F — 2e to a first approximation. Thus in a 
region of the first kind the grating repeats at intervals d; in a region of the 
second kind the gratmg repeats at intervals 2d with a pseudo-repeat at 
intervals d if e is small by comparison with F. To enable the calculations 
to be carried out in full, it is cusumed that the strength of the nth line 
veuies m cusoordance with the laws stated below, according as A is even or 
odd, where (Nd) is the resultant period of repeat of the grating pattern. 
The amplitude of the mth order of the gratmg of periodicity {Nd) may 
be calculated from the expression 

. „ „ 2n.m „ 271.2m 

=-fi +-Pi cos+ F, cos -I-.. . 

.j,_ 2n.nm 2n.{N-\)m 

+-^n cos—y—+ •. • + ^-1 cos — 
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where F^^ lepreaente the strength of the nth line of the grating, and is given 
by one or other of the following expressions: 

N even: wheten = 0,l,2.(^-1), 

N odd: = + +oos^^j, where 0<n<^, 

= —l)"c|l + co8-^j, where^<n<JV. 

In figure 2 the lengths of the lines represent the strengths for simple 
cases of N even and odd. 

The amplitudes of the spectral orders, calculated by means of the 
expressions given above, are as follows • 

N even. = NF, when m=* N, 

= -Ne, when m = 




- , when n 


== 0 for all other values of to. 


A'’odd; A„=‘NF + efsin^l^l—BOC^^, 

A / ixm • 1 


when m = N; 
n(w +1) 


-jBec 


n(m -1 )\ 


for other values of to. In all oases Aj^=A„+s'=-^+%n— 

Thus if e is small by companson with F, when N is oven we have strong 
principal sjiectra of orders N, 2N, 3N, ... and between each pair of con¬ 
secutive principal orders a central subsidiary spectrum, bordered by two 
adjacent weaker spectra (one on either side), with ail other spectra absent; 
and when N is odd, the principal ajieotra of orders N, 2N, 3N ,... have large 
amplitudes tending to NF as N inoreases, and between each pair of con¬ 
secutive principal spectra there are {N—l) subsidiary spectra of which the 
central pair, of orders \(N — 1 ) and -I- 1 ), are much more intense than any 

others, as is seen by substitution for particular values of N and to. Figure 3 
represents typical cases for N even and N odd. It should be noted that the 
.^^th, 2.A7^th, ... orders of the grating of spacing {Nd), which we have called 
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‘principal spectra’ are the Ist, 2nd,... orders of a perfectly uniform grating 
of spacing d, and the ‘subsidiary spectra’ of the grating (Nd) may be 
described as ghosts due to the periodic imperfections in the grating d. 




A'-5 



Albite Aiiorthile Albite 



Fiocbb 2. Diffraction gratings with linoH of variable strength but constant spacing. 
The strength of each lino is represented by its length. The diagrams for N even and 
N odd are drawn, in accordance with the laws quoted in the text, for the case e = JF 
the bounding cosine curves being dotted, and the period of repeat (Nd) of the grating 
being indicated by the dotted arrows The rt^ons in the grating marked albite and 
anorthite correspond to regions m the crystal having the structures of albite and 
anorthite respectively. 

(ii) The grating model for the case N odd may be applied to the dis¬ 
cussion of the intermediate plagioclases if the spectra from the gratfing, 
which has a one-dimensional periodicity, are supposed to correspond with 
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the layer Aines of reflexions in e-axis photographs from the crystal, the com¬ 
parison may be quite close, although the crystal has a three-dimensional 

1 1000 11000 

lie I 

N-e 



i»- 012345678 


iV-S 


1000 


Fioukk 3. Positions and relative intonsities of spectra produced by the gratings of 
figure 2. The principal spectra always appear in the same positions, and have large 
intensities represented by 1000 units. The intensities of tho subsidiary spectra are 
represented by the lengths of the corresponding vertical lines (the numonoal values 
are marked alongside). The order of the spootnun is denoted by m, with values from 
0 to ^ j the spectra repeat from N to 2N, and so on. 

periodicity, since in these photographs it is one periodicity—that along the 
direction of the c-axis—^which is singled out for examination. Thus the 
principal spectra of orders N, 2N, ... (corresponding to spectra of orders 
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1 , 2, ... from the ideal grating) represent the principal layer-hnea (oorre- 
sponding to the pseudo-axis 7-10 A), and the relatively strong central pair 
of ‘ghost’ spectra, of orders l{N-l) and ^(.^-1-1), represent the central 
pair of well-defined subsidiary layer-hnes; the other famter spectra repre¬ 
sent the other subsidiary layer-lines the presence of which is only suspected. 

Regions in the model where the grating lines at intervals d have nearly 
the same strength correspond to regions m the crystal which have the 
albite structure, with an exact repeat (along c) at intervals of 7A; regions 
in the model where weaker and stronger lines alternate, so that lines of 
similar strengths occur at intervals 2d, correspond to regions in the crystal 
with the anorthite structure which has an exact repeat (along c) at intervals 
of 14A, with a well-marked pseudo-repeat of 7A. Albite-like and anorthite- 
liko regions are marked m figure 2. 

All four materials examined—E, E, G, and Madagascar labradorite— 
show pairs of subsidiary layer-lines and so correspond to the model with N 
odd; we can offer no explanation at present of the apparent absence of 
plagioclase structures corresponding to N even, and the following dis¬ 
cussion is therefore confined to the model for N odd. 

A complete theory must account for the relationship between chemical 
composition and the separation of the two layer-lines of a subsidiary pair; 
we do not yet know this with any precision, nor do we know whether the 
layer-line separation vanes continuously or in steps, but the model is in 
accordance with the experimental data so far available. Thus the layer-line 
separations in G, and in E and F, correspond to the positions of the spectra 
for models with N = 1 and = 5 respectively, and there is a greater pro¬ 
portion of anorthite-like structure in the former, in agreement with the 
greater lime felspar content of specimen G. Reference to figures 2 and 3 
will make this point clear. We have at present no means of knowing whether 
the albite and anorthite regions contaia pure soda felspar and pure lime 
felspar respectively, or whether they contain mixed soda-lime and lime- 
soda felspar with compositions lying within the ranges of isomorphism near 
albite and anorthite respectively. 

The model thus suggests a strueture in which, along the direction of the 
c-axis, sheets of albite structure alternate with sheets of anorthite structure, 
each sheet being a few unit cells thick. The axes a and 6 of the two com¬ 
ponents will not be exactly parallel, since the interaxial angles a, /?, y are 
slightly different for the two structures, and the two c-axes appear to bo 
exactly parallel. If each sheet is of considerable extent, parallel to axes 
a and 6, the subsidiary reflexions observed in a- and 6-axis photographs 
may correspond to the albite component, the principal reflexions to the 
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anorthite component: in this -way we oan explain the abrupt though small 
change in dimensions of the pseudo-cell between specimen C and specimen 
E, (uid the relative weakness of subsidiary reflexions in G as compared 
with E and F. 


4. Conclusion and summaby 

We have determined the axial lengths of a number of plagioolases of 
known chemical composition ranging from nearly pure soda felspar to 
nearly pure lime felspar. Our observations are consistent with the existence 
of two separate isomorphous senes (one, with the albite structure, extend¬ 
ing from pure soda felspar inwards to at least 22% lime felspar, the other, 
with the anorthite structure, extcndmg from pure lime felspar inwards to 
between 20 and 33% soda felspar) and of a group of intermediate plagio- 
clases, recognisable by the characteristic arrangement of subsidiary layer¬ 
lines in c-axis photographs. The structural details of these three groups are 
discussed, and it is suggested tliat albite and anorthite structures coexist 
m the intermediate plagioolases, the features of the X-ray reflexions being 
reproduced in an optical analogue for which the necessary calculations can 
be carried to completion. Many aspects of the theoiy require further 
examination, and there is need of more experimental data. 

We are indebted to Professor C. D. Jeffries, Dr E, Spencer, and Professor 
S. Kdzu, for the materials used in the investigation and for information, 
details of which are given m the text. We have also been helped by dis¬ 
cussions, particularly on the optical analogue of the intermediate plagio- 
clases, with Professor W. L. Bragg, F.R S., to whom we offer our thanks. 
One of us (S. H. C.) is indebted to the Government of Honan Province, 
China, for the grant of a Scholarship during the tenure of which this work 
was carried out. 
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The base catalysed prototropy of substituted acetones 
By R. P. Bell and O. M. Lidwkll 
{Communicated by C. N. Hinsheltoood, F.R.S.—Received 23 April 1940) 

Kinetic moMurementa have boon mado at 25" un tlie oatalyaod halo- 
genation of the following ketonce: acotone, aoetonylacetone, monochloro- 
acetone, tnonobromoaoetone, at. dichloroacetone and aoetylaoetono. 

In all oaHoa the reactiona aro of zoro order with reapeot to the halogen 
and exhibit general baaio catalyais. For the firat two ketonea general aoid 
catalysis is also detectable. For each kotone the catalytic constants fc, of 
four carboxylate anions are rclatod to the dissociation constants Kj^ of the 
corresponding acids by an equation of tho tyjie kg = f7(l/K^)‘*, where O 
anil a are constants for a given kotono. Tho catalytic constants measured 
cover a range of about 10*. 

Examination of the results (togethor with those of Pedersen for the 
bromination of aoetoaoetic ostor and acetoaoetic acid) shows that tho 
exponent a. decreases steadily from 0 88 to 0*48 as the reactivity of the 
ketone moreases 

Tho catalytic coefhoionts of the water molecule are given approximately 
by the equations vahd for the carboxylate amons, but the hydroxyl ion is 
in each case much less eCfootivo os a catalyst than these equations predict. 

iNTRODDCrnON 

It is now generally accepted that the catalytic effect of acids or bases in 
many reactions depends on a tyfdcal acid-base (protolytiu) reaction in¬ 
volving the transfer of a proton between the catalyst and the substrate 
(Pedersen 1934a, 1938; Bell 1936, 1938) It has been found experimentally 
that the velocities of these reactions are correlated with the equilibrium 
constants of the associated acid-base equilibria- thus for catalysis by a 
series of similar bases* we can write 

ks=OK%, ( 1 ) 

where kg is the catalytic constant. Kg a measure of tho basic strength of the 
catalyst, and 0 and a are constants for a given reaction, solvent and tem¬ 
perature. This type of relation was first proposed by Bronsted (Bronsted 
and Pedersen 1924) and is usually known by his name 

Equation (1) has been interpreted in terms of the potential energy curves 
involved (Horiuti and Polanyi 1935; Bell 1936), the slopes of which deter- 

• The discussion given hero and later refers to basic catalysis, but the same argu¬ 
ments apply, mvtatia mutanchs, to aoid oatolysis. 

[ 88 ] 
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mine the value of the exponent a. This theoretical treatment also predicts 
a similar dependence of the reaction velocity on the acid strength of the 
substrate, Moreover, since the potential energy curves are only 

linear over a restricted range, the relationship can be more properly written 
in the differential form 

dlogAijH = a{dlog/Cj,+dlog(XJa}, (2) 

where a may vary continuously with k/j. By studying the variation of a 
experimentally it should be possible to obtain information about the 
potentied energy curves involved. The range of velocities normally studied 
for a given substrate is not sufficient to reveal any appreciable variation in a : 
thus a thousandfold variation in kg corresponds to a change of activation 
energy of only about 4 kcal./mole, while the dissociation energy of the bonds 
involved is of the order of 100 kcal. A very much greater variation in rate 
can be obtained by taking a series of related substrates, but in practice the 
substrate is such a weak acid that it is not possible to measure and 

thus to determine a by companng the rates for a given catalyst and a series 
of substrates. However, if a number of catalysts are measured for each 
substrate, a is given for each substrate by d log kgfd \o^ Kg, and its variation 
over the series can be studied 

In the present pa|)er data are given for the base catalysed balogenation 
of compounds of the type CH,. CO. CHiJii?,. A detailed study has already 
been made of the effect of different catalysts on the iodination of acetone 
(Dawson el at. 1926-30) and the bromination of acetoacetic ester (Peilersen 
1933, 19346). Watson and Yates (1932) have made measurements on the 
bromination of halogen substituted acetones in 60 % acetic acid which show 
that halogen substitution increases basic catalysis and decreases acid 
catalysis. They did nut, however, investigate the effect of different catal3rtic 
species. It is well known that these reactions are of zero order with respect 
to halogen, the rate determimng step involving only the ketone and the 
catalyst. This fact is of great practical advantage for studying a wide range 
of velocities, thus for a slowly reacting ketone (e g acetone) by using a very 
low concentration of halogen in presence of a large excess of ketone it is 
possible to make accurate measurements on less than I % of the total 
reaction. The catalytic constants actually measured extend over a range of 
about nine powers of ten. 

In practice complications arise in some oases owing to the substitution of 
successive hydrc^n atoms by halogen and the reversibility of some of the 
halogenations. If results of the highest accuracy are needed these factors 
necessitate a complicated analysis of the experimental data (cf. Pedersen 
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1933,19346). However, the aim of the present work was to obtain a general 
survey of an extended series of ketones, and for this purpose a simpler 
treatment is adequate, the procedure adopted being described under the 
experimental results for each ketone. The ketones iised were (in order of 
increasing velocity)- 

Acetone CH.COCH, 

Acetonylacetone CHaCOCH.CHjCOCHj 
Monochloroacetone CH,C0CH,C1 
Monobromoacctone CHjCOCH,Br 
08. Dichloroacetone CHjCOCHClj 
Acotylacetone CHaCOCHjCOCHg 

The catalysts studied were the anions of monochloraoetic, glycollic, acetic 
and trimethylacetic acids The basic strengths of these anions are con¬ 
veniently measured by l/K^, where is the dissociation constant of the 
corresponding acid. The following values were taken for at 25°: 

Monochloroacetic acid 1-38 x 10-* (Wright 1934) 

(llycollio acid 1-54 x 10“* (Nuns 1936) 

Acetic acid 1-76 x 10-® (Hamed and Ehlers 1933) 

Trimethylacetic acid 9-1 x lO"* (Dippy 1938) 

The constants 0 and a of the Brbnsted equation (1) were obtained in each 
case by applying the methocl of least squares to the values of logm and 
logjo those four anions By using suitable bufTer mixtures it was also 
possible to deduce the catalytic effects of the bases OH~ and HgO; in com¬ 
paring these values with the Brcinsted equation the dissociation constants 
of the corresponding acids H ,0 and H3O+ were taken as 1 • 8 x 10* “ and 56-6 
respectively. 


Expbbimbntal method 

The halogenation velocity was measured in buffer solutions prepared by 
weight from sodium hydroxide solutions (free from carbonate) and acid 
solutions standardized directly against the sodium hydroxide. The reaction 
mixtures were prepared by volume from buffer solution, ketone solution, 
halogen solution and enough sodium chloride to make the total ionic 
strength of the final solution op to 0-11 (except in the monochloroaoetate 
buffers, where the total ionic strength was 0-20). Trimethylaoetio acid was 
prepared from pinaool hydrate (Funtambeker and Zoellner 1932) and re- 
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distilled in vacuo. Acetic acid was twice partly firozen, the solid being col¬ 
lected. Monochloroacetic acid was recrystallized twice from benzene, and 
trichlorophenol three times, while glycollio acid was a pure commercial 
specimen. All these acids were analysed by titration and found to be at 
least 99*7 % pure. 

All kinetic meiwurements were carried out at 26°, and for the first four 
ketones the halogen used was iodine. The imtial concentration of iodine 
was 1-2 X 10“*M, and the reaction was followed by pipetting out samples 
of 5 or 10 c.c. and titrating vrith n/100 thiosulphate from a micro-burette, 
using starch as indicator. Tlie titres were reproducible to O-Ol c.c Eight or 
more titrations were carried out in each experiment. In the experiments 
with as. dichloroacetone and acetylacetune the halogen used was bromine, 
and the procedure adopted is described under the details for these two 
ketones. 

Since the halogenation produces acid, the composition of the buffer 
solutions becomes slightly displaced during the course of the reaction. This 
will change the concentrations of the anion and the acid, and also the 
hydrogen and hydroxyl ion concentrations. It is possible to apply cor¬ 
rections for these changes, but in almost all cases the resulting change in 
the values obtained for the catalytic constants is insignificant. We have 
therefore in general assumed the composition of the buffer solution to 
remain unchanged during the reaction, though in the monochloroacetate 
catalysis of the acetone iodine reaction it was found necessary to apply the 
correction mentioned above 

The rate of disappearance of halogen was found to be directly proportional 
to the ketone concentration when the latter was varied The velocity v 
given in the tables is the rate of disappearance of halogen in moles per htre 
per minute, referred to a ketone concentration of one mole per litre. The 
catalytic constants k are calculated on the assumption v = Zk^Ci, where 
is the concentration of the catalyst in moles per litre. 


Aobtonb 

The kinetics of the reaction between acetone and iodine have been ex¬ 
tensively studied by Dawson ( 1926 - 30 ), but he gives values for catalysis 
by only two anions (acetate and monochloroacetate), and the catalytic 
constants given in different papers show considerable variations. More¬ 
over, many of his experiments refer to solutions of large and varying salt 
concentration, and are therefore difficult to interpret quantitatively on 
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account of primary and secondary salt effects. We have therefore re¬ 
investigated the kinetics of this reaction. 

The acetone was purified by the sodium iodide method (Shipsey and 
Werner 1913) and its concentration in the reaction mixtures was throughout 
that employed by Dawson, 0*272 m. The rate of disappearance of iodine was 
accurately constant throughout the course of each reaction, except in the 
monochloroacetate buffers, where some displacement of the buffer ratio 
took place during the reaction. This indicates that if more than one iodine 
atom is introduced, all substitutions subsequent to the first are fast compared 
with it. The data given later show that under conditions of basic catalysis 
the rates of halugenation for acetone, monochloruacetone and as. diohloro- 
aoetone are approximately in the ratio 1:400:3000, and the ratios for the 
corresponding iodoacetones are probably still greater. The rate of dis¬ 
appearance of iodine in presence of acetone is thus governed by the rate at 
which the first atom of iodine is introduced, this bemg followed by the rapid 
substitution of two further iodine atoms on the same carbon. 

In a buffer solution containing e moles per litre of the basic anion B and rc 
moles per litre of the corresponding acid A, the total velocity is given by 

V => Vo + I’oH-rOH-] -I- &if,o+lHsO+j + (ky + rk^) c, 
where Vg is the “spontaneous” velocity duo to catalysis by water molecules. 
If a senes of experiments is earned out with a constant buffer ratio r and a 
constant salt concentration, then [OH~] and (HgO*^] are constant for the 
series, and the above equation can be written 

V = v' + (kff+rkjc, 

where v' = ro + *oH-l^R']+^,0+1^30+] is a constant for the series. The 
value of (k^ + rkj) can thus be obtained by plotting v against the anion 
concentration c, and by combining the results of several such series with 
different values of r the values of k^ and are obtained. This method 
of emalysis has been applied to the results for acetone and acetonylacetone. 
The value of v' (obtained by extrapolating v to zero buffer concentration) 
is given for each series, and the calculated values of v are obtamed fipom v' 
and the values of k^ and k^ given at the head of each section. The concord¬ 
ance of the observed and calculated values of v shows the applicability of 
the above equations. 

In the case of the monochloroacetate buffers there is a slight increase in 
the rate of iodine consumption during the course of each reaction, in¬ 
dicating an appreciable change in the buffer composition. The velocities 
given in the table are mean values. The mean buffer ratio is easily calculated 
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TaBLB 1. lODINATION OK ACETONE 



Trimethylacetate. 10* = 24’6, 

10* = 4-4 



r = 0-490, 10* 

ti' = 0-74. 





10*c 

20-3 

16-2 

10-1 

6-07 


10* t) ObM. 

6 07 

4-78 

3-36 

2-17 


Calc. 

6-13 

4-78 

3-41 

2-10 


r = 1-016, 10* 

a' = 0-81. 





10* c 

20 2 

16-1 

10 1 

6 06 


lO'vOba. 

6-61 

6-16 

3-64 

2-36 


Calc. 

6-66 

6-18 

3 76 

2 28 


Ao 

itaU. 10*lb« = 

; 14-6. 10* 

= 6-06 



r = 0-210, 10* 

v' = 0-63. 





lOOc 

10-0 

7 60 

6-00 

2-60 


10’ t> ObB. 

16-6 

12 6 

8-67 

4 64 


Calc. 

16-8 

12-6 

8-68 

4 61 


r = 0-470, 10* 

v' = 0-62. 





100 c 

10 0 

7 60 

6-00 

2-60 


10*r Obs. 

18-1 

13 7 

9-16 

4-86 


Calc. 

18-0 

13-6 

9-26 

4-86 


r = 1-11, lO’t 

i' = 0-81. 





100c 

10 0 

7-60 

600 

2-60 


10* V Obs. 

22 2 

17-9 

11-4 

6-19 


Calc. 

22-0 

17-7 

11 4 

6-11 


QlycoUate. 10* A., 

= 2-31, 10* A 

^ = 19-6 



r = 0-0840, 1C 

l*w' = 0-86. 





100c 

10-0 

7 60 

6-00 

2-60 


10* V Obs. 

4-78 

3 90 

2-76 

1-91 


Calc. 

4-81 

3 81 

2-83 

1-84 


r = 0-201, 10* 

v' = 1-22. 





100 c 

10-0 

7-60 

6-00 

2-60 


10* c Obs. 

7 60 

6 91 

4 30 

2-83 


Calc. 

7 48 

6-91 

4-34 

2-80 


MonocMoroaceUtte. 10* A, = 0-30, 

10* = 76 



Mean ratio = 

0-0260, 10’w' 

= 0-92. 




100c 

19-0 

14-2 

9-48 

4-74 


10* « Obs. 

6-16 

430 

3-26 

2-36 


CJorr. 

6-37 

4-36 

3-16 

1-96 


Calc. 

6-26 

4-16 

3-08 

2-00 


Moan ratio = 

0 0376, 10* a' 

= 1-42. 




100c 

19-0 

14-3 

9-60 

4-76 


10* V Obs. 

7 06 

6-60 

4-38 

3-01 


CoiT. 

7-40 

6 86 

4-38 

2-87 


Calc. 

7 40 

6-92 

4-41 

2-90 


Mean ratio = 

0-0636, 10* a' 

= 2-39. 




100c 

19-0 

14-2 

9-48 

4-74 


10* V Obs. 

10-2 

8-20 

6-48 

4-60 


Corr. 

10-6 

8-26 

6-48 

4-42 


C!alo. 

10-7 

8-69 

6-63 

4-46 




94 


R. P. Bell and O. M. Lidwell 


for each experiment, but in a aeriee with equal initial ratios the mean ratios 
will not in general be equal for different buffer concentrations. Since the 
catalysis by monochloroacetate ions is small compared with that by mono- 
chloroacetic acid, it is necessary to correct for this inequality in order to 
obtain a reliable value for the former. The values of v (corr.) in the table 
represent the velocity which would have been observed if the actual mean 
buffer ratio in each ex^ierunont of a series had been equal to the average 
value over all the experiments of that series. The correction is readily cal¬ 
culated from approximate values of the catalytic constants of OH", HjO-*- 
and monochloroacetic acid. The corrected values can then be analysed as 
described above. 

The buffer solutions in table 1 are not very suitable for deriving the 
catalytic constants of hydroxyl ion and water, and additional measurements 
were made in a trichloruphenate buffer of ratio approximately 0-08. The 
dissociation constant of tnchiorophenol is not known with any accuracy, 
and the pH of the buffer solution was found to bo 6-84 by direct measure¬ 
ment with a glass electrode. Trichlorophenate buffers react slowly with 
iodine even after thorough purification. In order to correct for this the 
initial rates of iodination were measured in the absence of acetone and 
were subtracted from the observed rates. Catalysis by undissociated tri- 
chlorophenol will certainly be negligible in these solutions 


Table 2 


Tnchlorophmate. 10* fc, = 464 


r = ea. 0 08, pH = 6 »4, = 13-6. 


10* c 22 0 16-6 

lO'vObs. 14 9 11-6 

C.orr 11-6 8-8 

Calc. 114 8-9 


no 

8-10 


6-6 

4-98 

3-93 

3-86 


The catalytic constant of the hydrogen ion is given by the measurements 
of Dawson and Powis ( 1913 ) on solutions of strong acids. In the present 
units the value is 10*/b^ = 1040. 

It is now possible to use the values of v' in the buffer mixtures to obtain 
the catalytic constants of the hydroxyl ion and the water molecule. In 
addition to the above values we have recalculated the data of Dawson and 
Key ( 1928 ) for acetate and phosphate buffers. In calculating the hydrogen 
and hydroxyl ion concentrations from the thermodynamic dissociation 
constants we have assumed that the activity coefficients of all umvalent ions 
are given by „ „ , 



The hose coldlyaed prototropy of avhatittUed acetones 96 

where n is the ionio strength (cf. Guggenheim 1935), and that the activity 
coefficients of all neutral molecules are unity, f In the case of the trichloro- 
phenate buffer, [H 3 O+] and [OH ] are calculated from the measured pH, 
making the same assumptions about the activity coefficients. Tlie calcu¬ 
lated values in table 3 are given by 

10’ v' = 6 X 10-»[H,O]-(-1-64 X 10 *[H 3 O+] + 1-6 x 108[OH~], 
where [HjO] »» 66-6 throughout. 

Tablb 3. Catalysis by H 3 O+, OH' and H,0 


Buffer 

Ratio 

10»[OH ] 

10 ’«' (obe.) 

10 ’v' (calc.) 

•Acetate 

300 

019 

1 3 

1 3 


Ill 

0 51 

08 

0-8 

• „ 

1 00 

0-67 

0-8 

0-7 


0-47 

1 21 

06 

0-6 

• „ 

0-33 

1-71 

08 

0-7 


0 21 

2 70 

06 

08 

• „ 

0-10 

67 

10 

1-2 

Trimethylacetate 

1 02 

1-07 

0-8 

0-6 

„ 

0 49 

2-20 

0-7 

08 

♦Phosphate 

0-21 

33-7 

6-0 

63 

Tnchlorophunate 

0 08 

00 

13-6 

13 6 


• R«9ulti« from Dawuon and Koy (1928). 

The agreement between observed and calculated values is as good as 
could be expected, since most of the values of v' represent a small fraction 
of the observed velocities. The value of is only about half as groat as 
that obtained by Dawson and Koy ( 1928 ), but there ap]^)ear 8 to be a mis¬ 
calculation in their value for the pH of the phosphate buffer, upon which 
their value of Aon- iaigely depends. The values of Atqh- and /fcjj o are of 
course known much less accurately than the other catalytic constants. 

The catalytic constants fur acetone are summarized in table 4, which also 
gives the values calculated from the Brdnsted equation and those reported 
by Dawson. The latter are given differently m different papers, the hmits of 
variation being given in the table. 

Acktonylacktonb 

A conunercial sample of the ketone was twice fractionated under reduced 
pressure, the final product boiling within 0 ' 2 ® at 99°/30 mm. The concen¬ 
tration of the ketone in the reaction mixtures was 0-189 m throughout. 

t In the bufTen used by Dawson tho ionic strength was not constant, and wo have 
takm the mean value for each buffer ratio. The second dissociation constant of phos¬ 
phoric acid haa been taken as 6-2 x 10-* (Bjorrum and Uiunack 1929). 
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With the exception of the monoohloroaoetate buffers (where the buffer ratio 
is slightly displaced) the rate of disappearance of iodine was constant 
throughout each experiment. As in the case of acetone, this shows that the 
substitution of the first atom of iodine is slow compared with any sub¬ 
sequent substitutions. The chief reaction taking place will therefore be the 
formation of CHjCOCH,CI,COCHa. However, under conditions of basic 
catalysis the rate of iodination is only about six times as fast as for acetone, 
and it is therefore likely that iodination of the terminal methyl groups also 
contributes appreciably to the observed velocity. From a theoretical point 
of view it would be desirable to separate the effects due to the two groups, 
and this might be dune approximately by assiuning that the terminal groups 
react at the same rate as those in acetone. Actually, however, this correction 
has httle effect on the exponent of the Bronsted equation, and for the pur¬ 
poses of the present paper we shall use the total reaction velocities without 
attempting to separate the contributions of the different groups. 


Table 4. Catalytic constants fob the iodination of acetone 


Basie catalysts. Calculated values from = 9* 1 x 10*“ (** 


Catalyst 

CHjClCOO 

CHjOHCOO- 

CH,COO- 

CMojCOO- 

C,H,CI,0- 

OH- 

H,0 


10 * 


Obs 

0-30 

2-3 

14-6 

24-6 

450 

1-6 X 10’ 

6 X 10-« 


Calc 

0-30 

21 

14-7 

24-4 

400 

6 2 X 10“ 
l-8x 10-» 


Dawson 
0 44 

121-166 

2-6 X 10’ 
6xl0-« 


Acta catalysts. Calculated values from = 2-4 x 10~*iC.®^ 


Catalyst Oba. 

CH.CICOOH 76 

CHjOHCOOH 19-4 

CH,COOH 61 

CMojCOOH 4-4 

H,0 


10 * 


Calc. Dawson 

68 82-90 

20-6 20 8 

6*2 4-9-6-9 

44 — 

2-2xl0« 1-64 X 10* 


Tlie treatment of the results is in most cases the same as described for 
acetone. In the case of the monochloroacetate buffers, however, a simpler 
procedure is ]>ossible, since the ratio k^lkg is now about 40 instead of 2S0. 
The rates given correspond to the first half of the reaction, and although the 
mean buffer ratio in each series is appreciably different from the initial 
ratio, it is not necessary to correct for the differences in buffer ratio between 
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TaBIiB 5. lODINATION OiT AOBTONYJjAOBTONB 
TrimOhylouietaU. 10* = 151 

r=: 0-220, 10’o' = 8 5. 

100 c 5-30 3-96 2-66 1-32 

10'V ObB. 87-5 07-7 40-0 23-9 

Calo. 87-1 66 6 46-0 26-6 

AeelaU. 10* Jb. = 86-6, 10*1;^ = 3-8 
r= 0-289, 10’t>'= 3-7. 

100c 10-27 7-71 5-14 2-57 

lO’vOba. 92-8 71-2 47-6 26-0 

Calo. 92-7 70-6 47-2 26-0 

r = 0-977, 10’«' = 2-4. 

100c 0-92 7-45 4-96 2-48 

lO’oObs. 90-3 69-1 47-2 24-3 

Calo. 00-8 68-9 46-7 24-6 

aiycoUate. 10**, = 17 8. 10*= 13 
r = 0-106, 10’t)' = 2-6. 

100c 10-3 7-74 6-15 2-68 

lO’vObs. 22-1 17 0 12-2 7-5 

Cato. 22-2 17-1 12-4 7 4 

r = 0-138, 10’v' = 2-8. 

100 c 10 3 7-73 4-72 2 68 

10’i.Ob8. 23-0 17-4 11-9 8 6 

Calo. 23 0 18 0 12-1 7-9 

MonocMoroacekUe, 10^ kg =15, 10*fc^ = 68 
Moan ratio = 0-0424, 10’»' = 3-1. 

100c 17-8 13-3 8 88 

lO’cObs 9-9 8-2 6 8 

Calc. 10-1 8-8 6-6 

Meui ratio = 0-0902, 10’v' = 4-6. 
lOOc 18-4 13-8 9 20 

lO’vOba. 17-1 14 0 10-7 

Calo. 160 13-8 10-7 

Mean ratio = 0-142, 10’v' = 0-3. 

100 o 18-6 13-9 9-26 4-63 

lO’vObs. 26-0 21-1 16-1 12 0 

Calo. 26-2 21-3 16-2 11-3 

Hydrogen ton (HCl aolutioiw). 10* = 1610 

lOOc 1-00 1-92 3 72 

lO’vOba. 146 308 669 

Calo. 161 290 662 


Vol 176. A. 



R. P. Bell and O. M. Lidwell 


the single experiments of a series. Further, it is clear from the results for 
other acids that the catalytic power of trimethylaoetic acid will be very 
small compared with that of the trimethylacetate ion. Only one buffer 
ratio was therefore investigated for this catalyst, acid catalysis being 
neglected. 

The data for acetonylacetone are not well adapted for calculating 
or k^^Q, but rough values can be obtained from the values of v’ in table 6 . 
These are oollectod in table 6 , the calculated values being given by 

lO’w' = 2-6x I0-a[H,O]+10xl0»[OH ]+1-61 x 10*[H8O+J. 

The hydrogen and hydroxyl concentrations were calculated as desonbod 
under acetone. 


Table 6. Catalysis by H3O+, OH- and HjO 

10»i) 


Huffor 

Ratio 

l0»[H,O+] 

10“ [Oil-] 

Obs! 

Calc.’ 

Tnmethylaootato 

0-22 

0 31 

51 

6-6 

6-6 

Acetate 

0-20 

0 79 

20 

3-7 

3-6 

„ 

0-98 

2 7 

6-9 

24 

24 

tilycollate 

O-ll 

26 

64 

2-6 

2-4 


0-14 

3 4 

4-7 

2-8 

24 

Monoohloroaoetate 

0 042 

0-9 

1 6 

31 

3*1 

„ 

0090 

21 

0-8 

4-6 

43 

„ 

0 14 

33 

05 

0-3 

6-2 


The collected results for acetonylacetone are given in table 7. The acid 
catalytic constants are not very accurate, but it will be seen that they 
differ little fiom those for acetone. 


Table 7 Catalytic constants fob the iodination 
OF acetonylacetone 


Calculated 

values from kg 

= 6-24x 10-»(1/A:,)«« 


Catalyst 

10*fc,(obR.) 

10*1'^ (calc.) 


CHjClCOO- 

1-6 

1-8 

68 

CH,0Hf!00- 

17-0 

12-9 

13 

CH,COO- 

86 

89 

38 

CMe,COO- 

161 

100 

— 

OH- 

10x10* 

6-5 X 10“ 

— 

H,0 

2-6x10^ 

1-r.x 10-* 

1 61 X 10* 


Monobbohoacbtonk 

The ketone was prepared by the direct bromination of acetone (Levene 
1930 ) and was twice fractionated under reduced pressure. The final product 
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boiled at 60-61°/lS mm. and was colourless when freshly distilled. On 
standing it gradually became brown and the rate of iodination increased. 
All the results given here were obtained with freshly distilled specimens. 

The reaction mixtures used had ketone concentrations (m) between 0-02 
and 0-06 M, and concordant results were obtained with different concen- 



Fiqure 1 


trations. The rate of disapiiearanco of iodine was not constant throughout 
each experiment, a typical curve l>omg given m figure 1 A. The first part of 
this curve shows an acceleration up to a steady rate, which is maintaineil 
for the greater iiart of the reaction. This suggests that the iodination 
involves two consecutive reactions each of the first order with respect to 
ketone and of zero order with respect to iodine. If [S] is the concentration of 
ketone (effectively constant during the reaction) and and the first order 
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constants for the two reactions, then it is easily shown that the rate of 
disappearance of iodine is given by 

If k, is considerably greater than this expression reduces to 

-d[I,ydt = 

for moderately large values of t, corresponding to the linear part of the 
observed curve. (If kjk, is very great, the initial acceleration will be un¬ 
detectable, as in the case of the first two ketones.) The falling oflF of the 
velocity towards the end of the reaction suggests that the second iodination 
does not go quite to completion, and in fact a small amount of iodine always 
remained m equilibrium at the end of the reaction. This reversibility might 
interfere with the titration of iodine, but experiments in which the dis¬ 
appearance of iodmo was followed colorimetncally gave essentially the 
same curves and were much more laborious to carry out. The titration 
method was therefore used, and the velocities recorded correspond to the 
linear parts of the reaction curves. Any slight errors involved in this pro¬ 
cedure will be the same for different catalysts, and ore hence unimportant 
for the purposes of the present paper. The velocities involved are several 
hundred times greater than those for acetone under the same conditions, so 
that the reaction of the unsubstituted methyl group can be neglected. The 
same applies to tho still more reactive ketones dealt with in the following 
sections. 

In solutions of strong acids the iodination becomes reversible to such an 
extent that only very rough estimates of the reaction rate can be made. 
It is, however, clear that the catalytic constant of the hydrogen ion is less 
than 2 x 10 “* (i.e. loss than that of the monochloroacetate ion), and it can 
be concluded that catalysis by undissociated carboxylic acid molecules will 
be much too small to contnbute to the rate m buffer solutions. This simplifies 
the procedure for obtaining tho catalytic constants of the anions, since it is 
necessary to use only one buffer ratio for each catalyst (cf. also the results 
for monochloroacotone). 

Approximate values of Aqh- Ath.o be obtained as before from the 
values of v'. The calculated values in table 9 are given by 

10 * V = 2-9 X 10-*[H,OH-1-2 X 10*[OH-]. 

The collected catalytic constants for monobromoacetone are given in 
table 10 . 
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TABLB 8. lODINATION Olf MONOBBOMOAOBTONB 


TnmeihylacetcUe. 

= 168, r = 

0 078, 10* t) 

' = 19 

100c 

600 

3-76 

2-60 


100m 

1-92 

1-92 

3 86 


10»« ObB. 

98 

78 

68 


Calc. 

98 

78 

68 


Acetate. 

lO**:, =z 112, r = 0 0806, 10* v' = 

10 

lOOo 

1000 

7-60 

6-00 

2-60 

100m 

3 86 

3-86 

3-86 

3-86 

10* t) Obs. 

121 

96 

68 

36 

Calo. 

122 

94 

66 

38 

QlyooUate. 

10«JL, = 16-1, r = 0 083, 10»w' = 

2-2 

100c 

10 00 

7-60 

6-00 

2-60 

100m 

3-86 

3-86 

6-77 

6'77 

10* t) Obs. 

176. 176 

126, 133 

94, 96 

60, 58, 59 

Calc. 

173 

136 

97 

60 

Monochioroacetate. 10* 

= 2 76, r = 

00236, 10*= 2-4 

100c 

190 

14-3 

9-60 

4-76 

100m 

3 86 

3*86 

6-77 

6 77 

10* i> Obs. 

7>8 

60 

6-4 

3-8 

Colo. 

7 6 

0-3 

60 

3-7 


Table 9. Catalysis by OH- 

AND H,0 


Buffer 

Katio 

10»IOH-] 

10* v'(obs.) 

10* t»'(calc. 

Tnmethyl acetate 

0078 

14-4 

19 

19 

Acetate 

0-081 

7-1 

10 

10 

Glycollato 

0 083 

0 79 

2 2 

2-5 

Mouochloroacetate 

0-024 

0-32 

2-4 

2-0 


Table 10. Catalytic constants fob the iodination 

OF MONOBBOMOAOBTONB 

Calculated values from kj, = 1-18 x 

10-*(l//C^)*-»* 

Catalyst 

10**, (obs.) 

10* A:, (calc.) 

CHjClCOO- 

2-76 

2-68 

CH,OHCOO- 

16-1 

16-3 

CH,COO- 

112 

98 

CMbjCOO- 

168 

168 

OH- 

1-2 X 10* 

1-0 X 10“ 

H,0 

2-9 X 10-* 

4-4 X 10-* 
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MoNOOHIiOHOAOETONB 

Difficulties were experienced in purifying this ketone. A commercial 
sample was fractionated three times through a 46 cm. column, giving a pale 
yellow product boiling at 118-6-118 9". It still contained about 2 % of an 
unsaturated product (possibly mesityl oxide) which reacted immediately 
• with bromine, but not M’ith iodine. Further fractionation caused no notice¬ 
able improvement. 

The concentration of ketone in the reaction mixtures varied from 0-006 m 
to 0-2 M. The course of the iodination (curve B, figure 1) was very similar to 
that for monobromoacetone, though the linear portion extended over a 
larger fraction of the reaction. There was, however, a rapid disappearance of 
a small quantity of iodme during the first few minutes. This could be 
accounted for by the presence of about 0 I % of a more reactive ketone, and 
it may be noted that there is only 1 “ difterenco between the boiling points of 
raonochloroacotone and as. dichloroacetone, a likely impurity. The initial 
fall is not likely to be duo to the presence of a small quantity of the enol 
form of monochloroacetone, since no initial drop was found for monobromo¬ 
acetone or aa. dichloro 6 bcetone. 

The velocities given in table 11 are taken from the linear {lart of the 
reaction curves (amounting to about 60 % of the reaction) and will be little 
affected by any of the complicating factors mentioned. This applies parti¬ 
cularly to the relative velocities for different catalysts The results in solu¬ 
tions of hydrochloric acid show that the hydrogen ion is not a very effective 
catalyst, being considerably less active than the acetate ion It is therefore 
likely that catalysis by undissociated carboxylic acid molecules can be 
neglected, and this is confirmed by the losults m the acetate and mono- 
ohloroacetato buffers of different ratios. In the trichlorophenate buffers the 
results have been corrected (cf. under acetone) for the rate of iodination of 
the buffer solution itself 

The values of v' in table 11 are well represented by 

10»t;' = 6-8x 10-»[H,O] +5-6x 10»[OH-] 

the effect of the hydrogen ion being negligible Table 12 shows the com¬ 
parison between observed and calculated values. 

The collected catalytic constants are given in table 13. It will bo seen 
that the value for the trichlorophenate ion does not agree with that calcu¬ 
lated from the results for the carboxylate anions. There is considerable 
uncertainty about the dissociation constant of trichlorophenol (Tiessens 
1929 , Ogston 1936 ): however, the value of 3-9 x 10“’ used here gave good 
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Table 11. lonrNATioN op monochloboacetonh 


Trtmethylacetate. 

10*ft,= 111, r = 0-078, 10* 

’ = 8-7 


100c 

4-97 

3-72 

2-44 

1-19 



100 m 

S-45 

6-45 

10-9 

10-0 



10»v Ob«. 

64 

60 

36 

22 



Cftlo. 

64 

60 

30 

22 




Acetate. 10* = 64-3 




r= 0-281, 10>«' 

= l-fi. 






lOOo 

1000 

7 60 

6-00 

260 



100 m 

6-45 

5-45 

10-9 

10-9 



10»« Oba. 

68 

60 

36 

17 



Calo. 

66 

50 

34 

18 



r = 211, 10»«' = 

= 04. 






lOOo 

1000 

7 60 

6-00 

2-60 



100m 

6-46 

6 45 

10 9 

10 9 



lO»«Obe. 

03 

48 

33 

16 



C»lo. 

66 

49 

33 

16 



OhjMlUUe. l(Hla=10 6. 

r = 0-084, 

10»t/ = 

0-8 


lOOo 

1000 

7 60 

5-00 




lOOm 

10 9 

10-9 

21-8 




10»v Ol». 

11-2 

8-2 

64 




Cftlc. 

11 3 

87 

6-1 





MnnorJdoroacetate 

. 10«fc,= 

1-78 



10»v' = 0 6, (a) 

r = 0 0236, (5) r = 0-0470. 




lOOc 

19-0 

14-3 

9 60 

4-76 

4-76 

2-38 

lOOm 

10 9 

10 9 

10 9 

10 9 

10-4 ] 

16 4 

10»r Ob«. (a) 

3 0 

29 

2-1 

1-3 

1-4 

1-0 

Obs (6) 

39 

3-0 

2-2 

1-3 

1-4 

1-0 

Calc-. 

3 9 

3 0 

22 

1-36 

1-36 

0-9 

Tnchlorophemtle. 

10«1-, = 3180, r = ca 

0-08, 10‘«' = 62 



pll 

— 6-84 (glosa oloofcrocle) 



lOOo 

2-20 

1-76 

1-10 

0-44 



100m 

0 646 

0-646 

1 09 

1-09 



10«« Obs. 

77 

64 

40 

20 



Corr. 

74 

62 

39 

20 



Calc. 

76 

61 

40 

19 



Hydrogtm 

ton (HCl Holiifciona). 

10*k^ = 37-9, 10*t 

= 0-3 


100 c 

4-40 

3-63 

1-81 




100m 

10-0 

10 9 

21-8 




10*v Obs. 

17-3 

13-4 

7-2 




Calo. 

17-0 

13 7 

72-2 
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agreement in the iodination of acetone (cf. table 4), so that there is a real 
discrepancy. 


Tabi.e 12. Catalysis by OH and H,0 


Buffer 

Katio 

10* [OH 1 

10*1!'(obH ) 

10*1)' (calc.) 

Trichlorophonate 

0 08 

00 

62 

61 

Tnmethylftcetate 

0 078 

14-4 

8-7 

89 

Acotat*' 

0-28 

20 

1-5 

1-3 


2 11 

0 27 

04 

0-4 

Clycollato 

0-084 

0-77 

08 

08 

Monochloroucotale 

00236 

0 32 

0 5 

0-6 


0-0470 

0-16 

03 

04 

HCl 

— 

0-0 

03 

0-3 


'I'ablk 13. ('atalytic constants for the iodination 

OF MONOCHLOROACETONE 


{’alculatixl values from Jb, = 8 04 x 10"’ (1 
Catalyst 10*Jfc,(ob8) 10^A:,(eHlo) 


CH.arOO- 1-78 1-78 

CH,OHCOO- 10 6 10 8 

CH.COO 04 04 

CMe,000 111 109 

C,H,C1,0 3-2 X10* 1-6 X10* 

OK- 5-6 X10* l-lxiow 

H,0 6-8 X10-* 3 0x10-* 


H,0+ 10**^ = 3 79 


as . Diohlohoaoetone 

The ketone (bp. 116-116°) was prepared by hydrolysing a-dichloro- 
acetoacetic ester with 6 n hydrochloric acid Its chlorine content was 
determined by wumiug a sample with 2 n sodium hydroxide, neutralizing, 
and titrating the chloride ion with silver nitrate solution, the end-point 
being determined electrometrically. (Found 56-7 % Cl, calculated 66-9 %.) 

The iodination of oa. dichloroacetone is a reversible reaction, a large 
amount of iodine being present at equilibnum. It was therefore necessary 
to use the rate of bromination as a measure of the rate of ionization of this 
ketone. Preliminary experiments showed that the reaction is of zero order 
with respect to bromine, and that no free bromme remains at equilibrium. 
The reaction presents, however, a number of complications, which have 
been studied in detail by Mr D, H. Everett in this laboratory. Only the 
main features will be mentioned here, and the catalytic constants obtained 
are less certain than for the other ketones. The titration method is subject 
to some error owing to the loss of bromine by evaporation, especially in 
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experiments of long duration. A number of experiments were therefore 
carried out in which a known amount of bromine was added and the time 
taken for its disappearance observed by measuring the potential of a 
platinum electrode in the solution. These experiments are marked with an 
asterisk in table 14. Abnormally high rates were obtained in the more 
alkaline buffers, possibly owing to oxidation by hypobromite, and the 


TaBLK 14. BaOMOfATION OF as. DICHrxmOAOBTONJfi 
TnmethyUxcelatf. 10* jb* = 8-06 
r = 0-130, 10*1.'= 2-7. 

100 c 1-50 2-98 3-00 3-00 3-00 

100m 1-Ofi 108 1-06 1-00 2-17 

10*«Oba. 16-7 23-2 20-7 25 6 26-8 

Cido. 14 8 26-7 26 K 26 8 26-8 

100c 4 47 4 50 6 96 600 

100 m 1-04 1-06 1 04 1 05 

10*t)Oba. 34 6 39 3 47 4 60-8 

Calc. 38 7 39 0 60-7 61-1 

Acetate. 10**^ = 3-38 

r=r 0-487, 10«t)' = 0-8. 

100 c 2-60 5-00 7-50 

100m 0-76 0-50 0-30 

10««Ob8. 9 8* 17-6* 28 6* 

Calc. 9-3 17 7 26-2 

r = 2 00, 10*v' = 0-6 

100 0 2-00 2 50 2-50 4-00 5 00 6-00 

'100m 1-06 1 08 0-30 1 05 1-08 0-30 

10«t)Obs. 7-3 9-2 9-8* 13-2 17-9 17-6* 

Colo. 7-3 9 0 9 0 13-9 17 4 17-4 

100c 6-00 7-60 7-60 8 00 8 00 8 00 

100m 1-05 108 0-30 0-50 1-06 2-19 

10* V Oba 20-4 26 6 26-6* 29 3 26-4 25-6 

Calc. 20 8 26 9 26-9 27 6 27-6 27 6 

Monochloroacetale 10* = 0 126 

r= Ml, 10*f.' = 0-44. 

100 0 2-60 6-00 7-60 7-60 

100m 1-60 1-60 1-60 1-60 

10*v Oba. 0-76 1-09 1-33 1-37 

Calc, 0-76 1-07 1-38 1-38 

HydrocMonc acid. l0*Ar^(T) = 0-11, 10* w' = 0-437 
100c 9-4 37-6 110 

100m 2-69 2-06 2-04 

10*»Oba. 0 449 0-476 0-670 

Colo. 0-447 0-478 0-668 
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recorded velocities refer in most oases to buffers of fairly high ratio. This was 
not feasible for trimethylacetate, but in this case the velocity of the catalysed 
reaction is so great that any correction will be small. It was also found that 
the rate increased when successive quantities of bromine were added to the 
same reaction mixture, possibly owing to rearrangement of the brominated 
ketone, and the recorded values refer to the early stages of the reaction. It 
was not possible to use glycollate buffers, since these react with bromine at a 
rate which is comiiarable to that of the ketone bromination. 

The increase of rate observed in acid solution is so small that it may well 
be due to a salt effect rather than to acid catalysis. In any case it is clear 
that catalysis by undissociated carboxylic acid molecules can be neglected, 
and this is confirmed by the concordant results for acetate buffers of 
different ratios The catalytic constant of the water molecule is given by the 
results in acid solution as 4-4 x 10-®/65-6 = 7-9 x 10“'. The only information 
as to catalysis by hydroxyl ion comes from the value of v' in the trimethyl¬ 
acetate buffer, which gives ^on .= 2*7 x 10 *. The catalytic constants for os. 
dichloroacetone are collected in table 15 


'I’ABLB 15. f'ATALYTK’ (CONSTANTS TOR THK BROMINATION 
OF as niCHLOROAC'KTONE 


CJalculfttod Valin'S from = 7'2 x lO"* (1 //f4)®''“ 
Catalyst 10*Jfc,(obH.) 10*I,(calc.) 


CH.CICOO- 

CHjOOO- 

CMcjCOO- 

OH- 

H,0 

H,()+ 


0 125 
.7 4 
81 

2-7 X 10® 
7-9 X 10-» 


0125 

3-7 

83 

I 4 X 10® 
.30x 10® 


10*ifc^(r) = 0ll 


AcBTY1.A<’ETONB 

A commercial sample was redistilled and boiled at 136°. The titration 
methods could not be used, since the reaction is very fast oven with dilute 
ketone solutions, and the halogenation is slightly reversible oven when 
bromme is used. However, the bromoketone formed will liberate iodine 
from potassium iodide, and the following procedure was found to give 
satisfactory results. 

9-1 c c. of 4x 10“* M ketone solution was brought to 26° and 0’9 c.c. of 
bromine water (also at 26°) was added rapidly with shaking, using the type 
of pipette previously described (Bell, LidweU and Vaughan-Jackson 1936 ). 
After a suitable interval the reaction was stopped by addmg rapidly 2 c.c 
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of m/ 10 allyl alcohol, which removes the remaining free bromine. The 
amount of bromo-ketone formed was then determined by adding acidified 
potassium iodide solution and titrating the liberated iodine. With practice it 
was possible to obtain consistent results with a reaction time as short as 
3 sec. 



Fiourk 2 

Topical reaction curves are shown in figure 2. Curve A represents the 
beginning of the reaction and curve B its behaviour over longer periods. It 
will be seen that the bromo-ketone slowly changes into some other product 
which will not liberate iodme from potassium iodide. (The same behaviour 
is shown by a-dibromoacetoacetic ester of. Peder 8 eni 934 ft.) This change will 
be negligible in the early part of the reaction, which was used for deter¬ 
mining the rate of bromination. Since the ketone concentration is small it is 
necessary to allow for its variation during the course of the reaction. If m 
is the initial concentration of ketone and x the iodine concentration (in 
moles per litre) at any tune, then in the absence of any disturbing factors 
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logic (»» ~ i®) should vary linearly with the time. Figure 3 shows that this 
is so for the early stages of the reaction. The subsequent falling off is partly 
due to the reversible nature of the bromination, and partly to the slow 
transformation of the dibromoketone. The rate of bromination in moles of 
bromine per mole of ketone per htre is then given by 

2 X 2-30.3 d logio («»— i-c) 
m dl 



Fmjuke 3 

At the banning of each reaction a certain amount of bromine appeared 
to be used up instantaneously (see the intercepts at t = 0 in figures 2 A 
and 3). This corresponded throughout tol 8 %± 2 %of the ketone present, 
and is no doubt due to the ffaction which is present as enol. Earlier measure¬ 
ments (Meyer 1911 ) give 19% for the equilibrium proportion of enol in 
aqueous solutions at 0 °. 

The results in solutions of hydrochloric acid show that catalysis by 
hydrogen ions is negligible, and give an accurate value for the “spon¬ 
taneous” reaction. Moreover, the values of v' obtained in the buffer solu¬ 
tions are identical with the spontaneous rate within the experimental error, 
showing that hydroxyl ion catalysis is also n^ligible in the solutions used. 
From this it can be concluded that JboH- < 10''- 

The catalytic constants for acetylaoetone are collected in table 17. 
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Table 16 . The beomination or aobtylacetonk 

Ketone concentration = 4-0 x 10"* throughout. »' = 1'86 = 0-024 x 66-6 throughout 
Trimethylacetate, ifc, = 608, r = 0-0780 
100 c 0-876 0-626 0-376 

V (oba.) 6-00 4-42 3-26 

V (oalo.) 5-82 4-64 3-26 

Acetate. Jfc, = 308. r = 0 0806 
100 c 2-60 1-26 0-600 

V (oba.) 8-67 6-01 2-74 

V (calc.) 8-88 6-01 2-70 

OlycoUate ifc, = 04. r = 0-0830 

lOOc 6-00 3 76 2-60 1-26 

V (obs.) 6 28 4 07 3-50 2 60 

V (calc.) 0-06 4-88 3-72 2-64 

MoiUKJUoroarrlate 1;^ = 3«, r = 0 0470 
100c 0 48 7-11 4 74 2-37 

V (oba) 4-84 3-79 3-04 2-10 

V (calc.) 4-76 3-02 3-06 2-22 

Uydrochlonc actd. = 0 
100 c 37-6 0 40 0 94 

V (oba.) 1-38 1-36 1-36 


Table 17. Catalytic constants for the bromination 

OK ACKTYLACETONB 
Calculated valuoa from ifc, = 0-66 (1//C^)®^* 


Catalyst Jkj,(obs.) l-2(oulc.) 

CHjClCOO- 36 34 

CHjOHCOO- 94 108 

CHjCOO- 308 332 

CMojCOO- 608 466 

OH- < 10» 9 X 10» 

H,0 0-024 0 069 


General discussion 

The tables given for each ketone show that in each case the catalytic 
constants for the four oarboxylate anions are well represented by an 
equation of the tyjie kj, = 0{llK^)“, so that the reactions studied are 
suitable ones for investigating the points mentioned in the introduction. 
In considering the variations in O and a we shall also include data obtained 
byK.J. Pedersen ( 1933 . 19346 ). For the bromination of aoetoaoetic ester he 
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gives catalytic constants for the acetate, glycollate and monoohloroaoetate 
ions at 25°, while for the bromination of aoetoacetic acid catalytic constants 
for the acetate and glycollate ions at 26° can be obtained by extrapolation 
from his data at 0 ° and 18°. The constants of the Brdnsted equation have 
l>een recalculated using the dissociation constants employed in the present 
{taper. Pedersen also gives data for the bromination of a-bromoacetoaoetic 
ester and acid, but these are admittedly of lower accuracy and have not 
been included. The values for O and a are collected in the first two columns of 
table 18. 


Table 18. 

Koton*' 

Catalysis by cabboxvlate anions 

<* * P 

logi.R 

("H.COCH, 

0-88 

-9 04 

3 

2 

-6-30 

CH.COCH.CHT.COCH, 

0 89 

-8-28 

2 

2 

-6 16 

fH.COCHjCl 

0-82 

-6-19 

2 

1 

-321 

C’H.C^OCHgHr 

0-82 

-6-93 

2 

1 

-2-96 

CH,COCHC'l, 

0 78 

-614 

1 

1 

-2 02 

CH,COCH,COOKt 

0-69 

-1 34 

— 

1 

-I-1-02 

(;h,coch,ooch. 

0 62 

-0-66 

2 

1 

-1-1 83 

CH,COCH,OOOH 

0-48 

-1-0 86 

— 

1 

-t-2-67 


It will be seen that the exponent a changes steadily as the value of 0 
changes through about ten powers of ten, thus confirming the suggestion 
that the extended Bronsted relation (equation ( 2 )) is essentially a differ¬ 
ential relation with a limited range of validity. The only other large change 
of exponent which has been recorded is in the acid catalysed rearrangement 
of three N-halogenacylanilides (Bell and Danckwerts 1939 ) and in this case 
the position is complicated by the fact that the reactions involve the 
migration of different halogen atoms. 

The last column of table 18 contains the values of log,oi?, where R may 
be defined as the calculated catalytic constant for an acid of dissociation 
constant 10 ~^, corrected for statistical differences between the different 
ketones. R is thus a measure of the ease with which a single hydrogen 
atom ionizes from the ketone in question. The first statistical correction 
depends on the fact that the initial ionization of the ketone is in some 
cases succeeded by the introduction of more than one halogen atom into the 
ketone. In order to convert rates of halogonation into rates of ionization 
it is therefore necessary to divide by a factor x, where x is the number of 
halogen atoms thus introduced. (In the case of acetoacetic ester and acid 
this correction is already allowed for in the method of calculation used.) 
The other statistical correction arises from the presence of more than one 
{mint in the ketone at which ionization can take place: if there are p equi- 
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valent points the ionization velocities must be divided by p to make them 
comparable. This kind of statistical correction has been previously applied 
to catalysts of different types, and in a number of cases it is difficult to 
decide on the correct value ofp. Thus Bronsted ( 1928 ) considers that several 
hydrogen atoms bound to the same atom are kinetically independent, while 
Pedersen ( 1934 a, 1938 ) counts thorn as one only We have adopted the latter 
alternative: thus for acetone we take p = 2 (not p — 6 ), and for monochloro- 
aoetone p = I (not p = 2 ). The values of x and p are given in table 18, and 
R is then given by log^Q R = Iog,o 6 ;'+4a - log jjpa:. It may be noted that a 
different choice of p would have httlo effect on the general correlation 
between R and a. 



FmcRK 4 


The observed increase of a with decreasing R cannot go on indefinitely, 
since a cannot liecome greater than unity. Figure 4 shows a plot of logm R 
against 1/(1 — a) which will be shown m the next paper to represent the ratio 
of the slopes of the two potential energy curves at their pomt of intersection. 
The lengths of the horizontal linos indicate the errors corresponding to an 
error of ± 0-01 in a. The results are represented within experimental error 
by a linear relation between 1/(1 - a) and log^ R. 
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The values observed for catalysis by hydroxyl ion and water are oolleoted 
in table 19, together with the values calculated firom the Bronsted equations 
valid for the carboxylate anions. 

Tablb 19. Catalysis by water molecules and hydroxyl ions 

^H,0 *OM- _ 

Ketone Obt). Calc. Obe. Calo. 

CHjCOCH, 5x10-“ 8x10-“ 1-6x10 6-2xl0« 

CH,COCH,CH,COCH, 2-6 xlO* 1-5x10-“ 1-0x10* 6-6 x 10* 

CH,COCH,a 6 8x10-* 2-6x10-* 5-6x10* 1-6x10* 

CHjCOCH^r 2-9x10’ 4 4xl0~» 1-2x10* 1-0x10* 

CHjCOCHCa, 7-9x10’ 3-0x10’ 2-7x10* 1-4x10’ 

CH,COCH,COOEt 1-3 x 10-* 4-3 x 10 * — 9 x 10’ 

CH,COCH,COCH, 1-2x10-* 6 9x10* -- 9x10’ 

CH,COCH,COOH l-4xl0-‘ 6 6x10* - 1-0x10* 

It Will be seen that the catalytic power of the hydroxyl ion is throughout 
several powers of ten smaller tlian the calculated value. This is ciualitatively 
in accord with the behaviour found when the nature of the ketone is varied, 
i.e. a decrease in the exponent a when the velocity of the reaction is greatly 
increased. It is difficult to draw any quantitative conclusions since the 
figure taken to represent the basic strength of the hydroxyl ion 
66 -6/iC„= 1/1-8x10 w 

can only do so approximately. The catalytic constants of the water molecule 
are throughout within a power of ten of the calculated values. However, 
httle theoretical significance can be attached to this, since the water mole¬ 
cule is not of the same charge type as the anions on which the values of G 
and a are based, and the evaluations of the catalytic constant and the basic 
strength of water both involve the figure 66-5 as the supposed concen¬ 
tration of H,0 molecules in jiure water. 

The theoretical interpretation of the variation and absolute value of a 
is discussed in the next paper. 

Our thanks are due to the Chemical (Society for a grant for the purchase 
of materials. 
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Potential energy curves in proton transfer reactions 
By R. P. BeiXi and O. M. Lidwbll 
{Communicated by C. N, Ilinahdwood, F.R.8.—Received 23 April 1940) 

The potential energy ourvee involved in proton transfer reactions are 
discussed, with special reference to the base-catalysed prototropy of ketones. 
The assumption of covalent binding throughout is inadequate to account 
m detail for the relations observed between basic strength and catalytic 
power. Approximate calculations from flmt prmoiples show that the ionic 
state may well bo of importance in this type of reaction, and the energy 
curves constructed on this basis give a much more satisfactory picture of the 
experimental facts. 


Introduction 

As pointed out in the introduction to the preceding ^laper (quoted as I), 
the rate determining step m reactions catalysed by acids or bases is a proton 
transfer reaction between the substrate and the catalyst. For basic catalysis 
(substrate SH, catalyst B) this may be written schematically 

SH-(-B->BH++S-. 

The velocity constants {kj^) of such reactions are related to the associated 
equilibrium constants by an equation of the form 

d\oy,kB - a{dlogi:a-|-dlog(A'^)a} = adlogKn, (1) 

where measures the basic strength of the catalyst, (A’^)jg the acid strength 
of the substrate, and Ar is the equilibrium constant for the protolytic 
reaction between the substrate and the catalyst.* In the theoretical treat¬ 
ment of proton transfer reactions (Horiuti and Polanyi 1935 ; Bell 1936 ) the 
fraction a in equation ( 1 ) is related to the slopes of the potential energy 
curves for SH and BH at the point where they cross, if these slopes (both 
considered positive) are p and q respectively, then 

a = pl{p + q ). . (2) 

If the variations in kg are not very laige, the potential energy curves will be 
effectively linear over the relevant range, and a may be taken as a constant. 

* The treatment given in this paper applies equally to catalysis by acids and by 
bases. For oonvenionoe we have considered basic catalysis throughout, but the 
correepondmg application to acid oatcJysis should bo obvious. 

[ 114 
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This is normally the case for catalysis of a given reaction by a series of 
related catalysts, and the resulting integrated equation is that originally 
proposed by Bronsted for expressing the relation between catalytic power 
and basic strength. Much greater variations in can be obtained by varying 
the substrate, and the data given in the preceding paper (I) for the base 
catalysed prototropy of a series of ketones show that an increase of kg by 
about nine powers of ten is accompanied by a steady decrease in a from 0-89 
to 0‘48. Further evidence for such variation in a comes from the catalytic 
constants observed for the hydroxyl ion m a number of reactions. For the 
reactions studied in (1), the decomposition of nitramide (Marhes and LaMer 
1935 ), and the' bromination of nitromethane (Pedersen 1932 ) the catalytic 
effect of the hydroxyl ion is smaller by several powers of ten than the value 
extrapolated from the catalytic effects of other anions. This again corre¬ 
sponds qualitatively to a decrease in a. with increasing rate. 

It is the pur^iose of the present paper to consider the variation and 
absolute value of <x in relation to the nature of the potential energy curves 
involved in the reaction. In view of the experimental data outlined above 
we shall deal in the first instance with the prototropy of ketones catalysed by 
basic anions. The conclusions arrived at will however probably apply 
fairly generally to reactions catalysed by acids and bases. 


CoVALKNT POTKNTIAX, KNKROY CUEVBS 

The reaction involved in the transfer of a proton from a ketone to a 
carboxylate ion can be written 

/ (—CO.C —-1 

_C0,CK + 0-—,3, 

The ion formed from the ketone is considered as a mosomenc or resonance 
state between the two formulae given (Pedersen 1938 ). (The carboxylate 
ion probably ought also to be represented as a resonance state in which the 
two oxygen atoms are equivalent; however, no quantitative treatment of 
this state can be given, and we shall therefore treat the ion as containing a 
single oxygen atom with a negative charge.) The hydrogen atom is thus 
covalently bound in both the initial and the final states, of the system. It 
is therefore natural to investigate first how far the whole process can be 
interpreted in terms of covalent potential energy curves, it being assumed 
that these curves are not appreciably modified by the proximity of ions. 
This picture of the proton transfer has already been employed by Horiuti 

8-z 
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and Polanyi ( 1935 ). Since the process oonoerned involves no change in 
the number of ions, we shall also neglect the interaction of the solvent. 

The curves for the links C—and O—can be assumed to be Morse 
curves, the form of which is given by the dissociation energies and the 
fundamental frequencies. We have taken for C—= 104 0 koal./mole, 
w, = 3160 cm.-^, and for O—H D^— 114-8 kcal./mole, w* == 3760 cm. 
Tbese curves are drawn in figure 1 (full lines), and the zero point energy 
levels indicated corresjwnd to 4-4kcal. for C—H and 5-3koal. for O— 

If the reaction is to take place at a measurable speed, the distance between 
the carbon and oxygen atoms during reaction must be smaller than 3*5 A, 
the normal distance between unbonded atoms (cf. Horiuti and Polanyi 
1935 ). We have chosen a value of 2*0 A, which is little less than some 
crystallographic distances between unbonded c‘.arbon and oxygen atoms 
(cf. Moorman 1937 ) Taking the C!—H distance as 1*08 A and the O—H 
distance as 0*06 A, this gives a distance of 0*86 A lietween the two equili¬ 
brium positions of the proton. 

The energy difference between the two systems in equation (3) can be 
fixed approximately by the following considerations. The transfer of a 
proton from carbon to oxygen will undoubtedly be endothermic, since the 
ketones concerned are much weaker acids than the carboxylic acids. (The 
dissociation constant of the keto form of acetoacetio ester is about 10 ~^^; 
cf Pedersen 1938 .) On the other hand, the difference in energy cannot bo 
greater than the activation energy of the process, which is about 22 kcal. 
for acetone (Smith 1934 ) and about 13 kcal. for acetoacetio ester (Pedersen 
1934 ). The relative position of the curves in figure 1 corresponds to an 
energy change Q of 10 kcal. 

It will be seen from figure 1 that this picture of the proton transfer pre¬ 
dicts an activation energy K of about 40 kcal., which is considerably greater 
than the observed values of 13-22 kcal. However, resonance between the 
two states will lower the energy near the intersection of the two curves, and 
it might also be lowered by a closer distance of approach of the two reactants, 
though any considerable reduction in this distance would introduce a large 
energy of repulsion. A more serious objection to the covalent picture arises 
from the slopes of the two curves at their points of intersection. Both the 
O—H and the 0—curves are practicadly straight lines over a range of 
20-30 kcal. in the neighbourhood of their intersection, the former being the 
steeper by about 20 %. This means (cf. equation ( 2 )) that the exponent a 
should have a value of about 0*45 and should be practically constant over 
a wide range of velocities. The observed values for a series of eight ketones 
(table 18, paper I) vary continuously between 0*48 and 0*89, while five of 
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them are between 0*8 and 0*9, corresponding to a C—H curve 5-10 times as 
steep as the O—H curve. In this respect the covalent picture is quite 
inadequate to account for the facts. It may further be noted that since 
practically all proton transfer reactions take place between the links O—H, 
C—H and N—H, the covalent picture would lead us to expect that the 
value of a, would be close to 0-5 for all reactions of this type, since the force 
constants and dissociation energies do not differ widely in these three bunds. 
Actually values as low as 0-3 and as high as 0-8 are frequently met with, so 
that it is very doubtful whether the covalent potential energy curves are in 
general sufficient to account for the observed behaviour. 



05 10 15 20 25 

distance from C nucleus, A 
Figuhk J 


lomc POTKNTIAI. BNBBOY CUBVBS 

Although there is no doubt that the hydrogen is covalently linked in 
isolated ketone or carboxylic acid molecules, it is possible that the ionic 
state may be of importance when the ketone and the carboxylate ion are 
close together, since the potential energy will bo lowered by Coulomb 
interaction. The qualitative treatment previously given (Bell 1936) aamimeH 
that the binding is ionic, and an attempt at a quantitative treatment will be 
given in this section. 

The free ion of the ketone is a resonance structure (equation (3)) in which 
the charge is probably concentrated chiefly on the oxygen atom. However, 




118 


R. P. Bell and 0. M. LidweU 


during the process of proton transfer the proton is near the carbon atom, 
and its positive charge will stabilize the negative charge on the carbon. The 

system to be studied can therefore be written —. The 

external field of this system will vary very little with the position of the 
proton, so that solvent interaction can be neglected in calculating the shape 
of the curve. Tn calculating the potential due to the two ions we have 
assumed that each contains eight L electrons represented by hydrogen-like 
wave functions, and that the K electrons effectively form part of the nucleus. 
Calculations similar to those made by Pauling ( 1927 a) then give for the 
potential energy 0 of a charge +e distant R from the ion 

0 = 6\\e->>(b^ + 6b*+m + 24)~l}lR, (4) 

where b = (Z — S) R/Oq, o, = 0*528 A, Z = nuclear ohaige, and S screen¬ 
ing constant The screening constants useil were obtained arbitrarily by 
multiplying the value for neon (4*26; Pauling 1927 &) by | for the carbon 

ion and by J for the oxygon ion. The energy of the system ~C!”.. .H+.. .0"— 

is then obtained by addition, including a term for the mutual energy of the 
two negative ions in which they are treated as point charges. No allowance 
has been made for polarization. 

This treatment is clearly only approximate, but should serve to indicate 
the general shape of the potential energy curves. Figure 2 shows the calcu¬ 
lated curves for different values of the carbon-oxygen intemuclear distance 
d, the ordinates representing the distance of the proton from the carbon 
nucleus. The zero energy level in this diagram corresponds to infinite 

separation of the charges R'*'* 0“— The asymptotic level of the 

0 —H curve in figure 1 (taken as the energy zero) represents the state 
~C~ -t- H—0—: hence the energy difference between these levels in the two 

diagrams is given by the eneigy of the process —0~ *f H+ (infinite separa¬ 
tion) -► —OH. (Since in both cases the solvent interaction is being neglected 
when the reactants are close together the whole process can be considered 
to take place in vacuo.) We have used the following values. 

—O +H^ OH-mSkcal., 

H+-he -> H +311kcal.. 


—*-0 -1-6 -►—0 "t* 64 koal. 
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The last value is in considerable doubt, published values for the electron 
affinity of oxygen ranging between 48 and 85 koal. (cf. Qoubeau, 1936 , 
1937 ). This gives 

—O- + H+ OH + 360 kcal. 

which makes the energy of the minimum in figure 2 (for a carbon-oxygen 
distance of 2-9 A) almost coincide with that of the right-hand minimum in 
figure 1 . Xo significance can be attributed to this exact result, but the 
calculation shows that it is not unreasonable to suppose that the ionized 
state takes part in the reaction. 



Fioxtkk 2 

The broken curve in figure 1 represents the ionized state as calculated 
above. At the point where it intersects the covalent C—H curve the slopes 
of the two curves are very different, thus allowing values of a differing con¬ 
siderably from 0 - 6 . The actual value of a corresponding to the curves shown 
in figure 1 is 0-86. Moreover, the general shape of the ionic curve is such as 
to allow considerable changes in a as the point of intersection moves along 
the curve, though the actual changes corresponding to the curve in figure 1 
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are considerably smaller than those found experimentally. However, it 
should be noted that the direct derivation of a in this way assumes that a 
change in the nature of the base will cause equal energy displacements in the 
covalent —OH curve and the ionic curve, while the method actually used 
for calculating the energy of the ionic state makes no allowance for any 
changes in the groups attached to the oxygen atom. Such an allowance 
could be made formally by introducing terms for dipole and polarizability 
effects, but in view of the approximate nature of the treatment a more 
detailed calculation is hardly justified. It does however seem probable that 
the difficulties which arise in a covalent picture of proton transfer are 
largely absent when the ionic state is taken into account. 

The above general considerations should apply qualitatively to any 
protolytic reactions in which the base has a negative charge. If, however, 
the reaction is of the type BjH + B2-vBj“ + B,H+ (i.e. catalysis of an 
uncharged substrate by an uncharged acid or base) it is easily seen that the 
energy of the ionized state is much increased and is likely to be higher than 
that of the covalent state for all configurations We might therefore expect 
to find that for reactions of tliis type the exponent a will usually be in the 
neighbourhood of 0 * 5 . There is some experimental support for this view, 
thus for catalysis by undissociated acid molecules a is 0*55 for the iodination 
of acetone (paper I), 0*4 for the dojiolymerizatiun of dimeric dihydroxy- 
acotone and glycollaldehyde (Bell and Baiighau 1937; Bell and Hirst 1939), 
and 0*42 and 0*63 for the iodination of phosphorous and hypophosphorous 
acids respectively (Griffith, McKeown and Taylor 1940). On the other 
hand, the decomposition of nitramide catalysed by uncharged bases 
in three different solvents (Bronsted and Duus 1925, Bronsted and 
Vance 1933, Bronsted, Nicholson and Oelbanco, 1934) gives an exponent 
of about 0*8, and it does not seem possible to account for this on the basis of 
covalent curves. 
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General bi-harmonic analysis for a plate 
containing circular holes 

By a. B. Obben, Ph.D. 

{Communicated by G. I. Taylor, FR,S —Received 24 April 1940 ) 

A genond solution is given for problems of generalized plane stress dis¬ 
tributions in an mfinite plate -which oontams circular holes of varying sizes 
in any positions, subjott only to certain conditions of convergence of the 
solution. The method for extendmg the results to allow for the effect of one 
or two straight boundanes is indicated. 

As a particular case of the general solution the problem of the stress dis- 
tnbution in an infinite plate under tension containing three holes m a row, 

IS discussed, and a few numerical results are given. Tlieeo results arc 
compartxl with experiments which wore earned out by Mr P. L. Capper. 

The comi>arison is incomplete os the experiments were done for a finite 
plate and tlie influence of the edges of the plate on the numerical values of 
the stresses is consi<lerable. Agreement, however, is found for the general 
character of some of the stresses. 

iNTEODtrCTION 

1. The distribution of stress in plates containing holes has been studied 
by a number of writers (see references). The solutions which have been 
obtained have been confined to a group of problems in which the boundaries 
are a set of equal circles together with, in some oases, a pair of parallel 
straight lines. As is pointed out by Howland and Knight (1939) no general 
method of solution is given and the circles, their number and relative 
positions, are restricted by an invariancy condition which demands that 
the circles and their boundary conditions remain invariant under one or 
more of a group of transformations. 
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Xumeriosl results have been obtained for the stress distribution in a 
plate under tension containing one circular hole and these results have been 
compared with experiment (Jeffery 1920; Howland 1930; Howland and 
Stevenson 1933) Numerical work has also been carried out for a plate under 
tension containing an infinite row of equal circular holes (Howland 1935) 
and for various problems connected with two circular holes in an infinite 
plate (Jeffery 1920) No numerical results appear to have been given for 
any of the other problems which have been considered by Howland and 
Knight, and so far as the present writer is aware, no experimental results 
exist for these problems 

Experimental results do, however, exist for stresses in a strip under 
tension when the strip contains a group of three holes or a group of six 
holes (C!oker and Filon 1931, chap, vi), but those stresses cannot be evaluated 
by the methods which have been used by previous writers. It would thus 
seem that the solution of these problems should be included in any further 
work on the distnbution of stress in plates containing holes. It has been 
found that it is possible to give a general method of solution which is 
applicable for any problem of stress distribution in infinite plates, plates 
bounded by one straight edge, or plates bounded by two straight edges, 
which contain any number of circular holes of various sizes distributed in 
anjr manner, subject only to certain conditions of convergence of the 
solution. Previous solutions may be deduced as special cases but in many 
problems it is best to use from the outset any properties of symmetiy that 
may exist as this greatly simplifies the work. 

In the present paper a general solution is given for problems of stress 
distributions in an infinite plate which contains holes of varying sizes. The 
method may easily be extended to allow for the effect of straight boundaries. 
This extension is only outlined here because the algebra required for the 
general case is very compheated. Also it would appear to have little value 
as, owing to the very heavy nature of the arithmetic, it seems unlikely that 
the solution would be completed by the necessary numerical work. 

As a particular case of the general solution the problem of the stress dis¬ 
tribution in an infinite plate under tension containing three circular holes 
in a row, is discussed, and a few numerical results are given. These results 
are compared with experiments which were carried out by Mr P. L. Capper, 
but the comparison is incomplete as the experiments were done for a finite 
plate and the influence of the edges of the plate is considerable. It has, 
however, already been indicated that the arithmetical work which is re¬ 
quired for a finite plate seems to be out of all proportion to the value of any 
results that would be obtained. 
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Analysis for a plate containing circular holes 

When the present work was started it was intended that other special 
cases would be considered but these oases have now been adequately dealt 
with by special methods in a recent paper by Howland and Knight (1939). 


Thb qknbbal method of solution 


2 . Consider a uniform plate of infinite extent containing circular holes of 
varying radii. It is supposed to be in a state of generalized plane stress 
defined by a stress function Xt where 

VJX-O. (2-1) 


The boundary conditions to be satisfied are. 

^ 0*y _ 3 *y ^ 0*y 

(а) the stresses 

must tend to constant values at infinity; 

(б) on the circumference of each hole, the stresses 




At the centre of each hole a set of rectangular axes is taken parallel to 
fixed directions. For example, if O,. is the centre of the rth hole, axes are 
taken at 0 , which may be denoted by O^y^. Referred to these axes at 
Of a complex co-ordinate z,. may be defined as 

z, s= -i- ty, = A,(8in Of -f-» cos Of), (2*2) 

where {Rf, Of) are plane polar co-ordinates having their pole at Of. The angle 
Of is measured from the axis of y,. as this is the most convenient notation to 
use if the analysis has to be extended in order to consider the effect of plane 
boundaries. 

It is convenient to introduce non-dimensional co-ordinates as follows: 


^ =- gr + iy, =* pA^Of+icoaOf) = (2-3) 

where ^ = Zrlh, y, = yA Pr = Rrlh. 

and A is a typical length which may, for example, be the mini mum distance 
between the centres of the circles. The relations between the co-ordinate 
axes at the centres Of, 0, of two typical circles may be expressed in the form 

C = (2-4) 

so that hf, OfOJh and is the angle between Ofi, and the axis Ofyf 

At Of. 

If there were no holes in the plate, then the stresses produced in it when it 
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is aoted on by a system of generalized plane stress may be derived from a 
stress function ;^o. In order to allow for the effect of the holes a fundamental 
set of stress functions is required for each hole which give zero stresses at 
infinity and which give single-valued expressions for the stresses and dis¬ 
placements. The required functions are 

logPr, 6/, p7"cosntf„ einridr, {» = 1, 2, 

cos (n4-2)0,, sin (n4-2)0,, (n = 0, 1, 2, .,.) 

whore r takes all integral values from 1 to m corresponding to the m holes. 
The general stress function for the problem is then 

X = Xo + logp, 4 - * 3 ^ 0 ,) 

+ S S {*- 4 „ pr“ cos nO, 4 - “if* sin nO,} 

+ 212 {*Cn P7 *cos (n4- 2) 0,4- */)„ p^" sin (n 4- 2) 0,}, (2-6) 

where M„, •(/„, •/)„ are constants which are determined by the boundary 

conditions at the circumference of each hole. The stress function may be 
taken in the form ( 2 - 5 ) which is independent of the elastic constants pro¬ 
vided that the force resultants of the tractions applied to each hole separately 
vanish. In order to evaluate these constants it is necessary to express the 
stress function x terms of the plane polar co-ordinates p„ 0 „ and this work 
is carried out in the next section. 


Expansions about thb cbnteb of any cieolb 

3 . By using ( 2 - 3 ) and ( 2 - 4 ) the fundamental-stress functions which 
connected with the origin 0 , can be expressed in terms of p, and d,. The 
of the complex variable greatly simplifies the work and the final results 
as follows: 

logP* = 2 Pf(M’*’ cos *0, 4- “6Jr'' sin *<?,),! 

= 2 pf(M’’’ cos kdf 4 - sin iP,), j 

p~^omnd,=: S Pr(’^i''’cosiW,4-"6t''siniW,), 

k-l 

pj* sin n 6 , = 2 P?("c*’’' cos ]fc0, 4 - "dj?’* sin jfc0,). 


( 3 - 2 ) 


111 
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where n =■ 1, 2, 3, ... and 

pi^coa{n + 2)d,= S pf{M'''oo8jfcd,+”/{•’'sin 

+C 08 + "Aj;’'ain kO,)}, 

p~" sin (n + 2) 0, = 2 p^f^uY cos kd,+ "vj-’’ sin kd^ 
k-Q 

+ pfi^s^’’' COB kOr + "yj-’’ sin id,)}, 

where n = 0, 1, 2, 3, . .. In the above expansions some of the constant 
terms are omitted as they contribute nothing to the stresses. The coefficients 
in the expansions are 


(3-3) 


"oj-'- = "dj' 


rvfcCosia„, 


khi 


(k^l) 


( 3 - 4 ) 


obY = -K'" = 8inia„, 


^ar = - “dl-' = 2 “>8 (A: + ») a„, I 

" , [ (3-5) 


"«!*' = j^f 2 i^---c* 08 (n + 3)a,,-yj co8(»+l)a„, 

'TY = ^ ^\in (n 4- 3) a„ + sin (n +1) a„, 


<" + 3 ) - V"'/1 (” + 1) “r 


A?/* 




A'* 

"r« 


"ri’’’ = - - —+ 3 ) “f» - cos (n + 1) a„, 


(n^O) ( 3 - 6 ) 


"ej-’- “ - "rjt’’ = I” 2 *) (*+”+2) a„, | 

= "wt' = I”2*)8“(* + » + 2)a„. J 

»SrJ'- - -"{/**•*• = l-^+fc^'(”2+1 *)‘''0«(* + » + 2)an,.| 

"At' = "4’' = (” I+1 J 

The above expansions conveige if p, < A„. 


(n^O, i>2) (3-7) 


(»>0, i>0) (3-8) 
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EVALUATIOir OF THE CONSTANTS 

4 . The stresses corresponding to Xo ^ expressed in terms of p, and 
df, and at the circumference of the circle p, => they take the forms 

f? = i: 'U.^kd.+ S "-SjtCosiW,, = S ^T*8iniW,+ S %coakdr. ( 4 * 1 ) 

fc-l fc>0 k-l k-0 

Witli the help of equations ( 3 ‘l)-( 3 ‘ 3 ) the stress function x 
expressed in terms of p^ and 6 ^ and the corresponding values of fr and rd 
are then easily obtained as series of sines and cosines of d^. whose coefficients 
are functions of p,. In order that fr and rd may be zero when p, = A, for all 
values of 6 ^ the coefficients of the sines and cosines must be zero. These 
boundary conditions give the following sets of equations: 

^A’oA*A*+Mo+2 £ S' + = 0. 

fc-o «~i 

'^^--' 4 +S S' 

2 A; fc.Oci 

and for n>2, 

fc-O i-l 

+ -C'*A?-*[(n- (»- 2 )(»+1) *fir*.-A»] 

+*Z)*A?-*[(n-l)n‘tt'''-+(n- 2 )(n+l)**»''-A*]} - 0, 

A?+* A? 

+ S S'{(»-l)«A?-*(Mfc*o;-'- + *5**c5^) 

fc-O *-1 

+ *C'*A?-*[(n- l)n‘eS-+n(n+1) V^'A*] 

+ * 2 )*A?-*[(n- l)n*tt;-'-+n{n+ l)*'a:}t’-A*]} - 0. ( 4 - 6 ) 
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Also 



(4-6) 


rjT kt f a ^ m '] 

-p--ft+2 2'W**A;.--h*D*y') = o. 

2 A? *-0.-1 1 

"*?o .|>(*^***?-' + *^**J^*') = ®’J 


(4-7) 


and for n > 2, 


• ttt hi + («-l)(« + 2 ),n 

^ - D._, 

- 2 S' {(" -1)»'^? ‘('-^k +*^k 

+'Z),/^»-n(n-l)»V/ + (»-2)(n+l)V»’%*]} = 0, (4-8) 

- 2 2'{(«-!)» 
fc-0«~l 

+ •(?* A«-*t(n -1) n */••'+n(n +1) **»;'• A»] 

+ •!)* A?-*[(n -1)» y/+n(n + 1) ‘y*-'- A*]} = 0. (4-9) 

The symbol S' means the sum for all values of a from 1 to m, excluding the 

value a = r. The above equations were derived from the boundary con¬ 
ditions at the edge of a typical hole whose centre is at 0,. Similar sets of 
equations may be obtained from tho boundary conditions at the edges of 
all the other holes and so r will take all values from 1 to m. 

The equations (4-3) and (4-7) give 'Si='^Ti and = -’■IJ which are the 
conditions that the stresses derived from Xo should produce zero force 
resultants on each hole. 

The equations (4'2)-(4-9) can be replaced by the equations 

-^SoA»a; = s S' (4-io) 

*-0 •-! 


hn 


2n(n +1) 

2{n-Hl) 


{4-11) 

“ s; *<’+1 +*^k Vn-;, 


(4-12) 
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-■’FoA*A* = 'fio. 


h»Hn + 2)% + n^ U^}X?^* ^ 
2»(n+l)' 


2(n+l) 




’'D,- S 2' 

Jk~ 0»-1 


(4-14) 

(4-16) 


Tho equations (4*11) and {4-14) hold for all values of r from 1 to w» and for 
1 if it 18 remembered that ^Sl^ = and The equations 

(4'12) and (4‘16) are valid for all values of r from 1 to to and for 0. The 
new coefficients in the above equations are 


*<x5'- = (ra-l)%;‘'-A*» 'I 

*;%' = (»-»)*c?/A*“, [ 

= A*"{(«- l)*ei;'+n*g^!'Afi, I 

'I 

*<•'•= (»-l)*d*-»-A»", I 

V/ « Aj-Kn- l)‘'K'+ny^'A>}, I 

for it > U, n ^ 1 and all values of s from 1 to m, excluding s := r; 



-n*o«-A»"-», 


-»*cJ'-A*"-*, 


- AJ-V *<••■+(»+ 1) yr A*}, 


- A»"-*{« y+(n+l) yA?}, 


-n*6ji''A*"-*, 

y-r = 

-71 AJ"~*, 

^n' = 

- A*'-*{n y + (n +1) y A*}, I 

‘‘'K' = 

-A*"-*{» *<•••+(»+ l)*y^-’'A*}J 


for 1: > 0, « > 2 and all values of s from 1 tom excluding a = r. 
When » = 0, i > 0, 

*rS-' - - y 2A», = - *ieS-' 2A*. 

all the remaining coefficients being zero. 


(4-16) 


(4-17) 


(4-18) 


(4-19) 


(4-20) 
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A formal solution of equations (4-10)-(4'16) is 



p-O P-0 1 

*■/>, = £ J 

(4.21) 

where 


(4-22) 



(4-23) 


= („S0) 

(4-24). 



(4.26) 

while, for p>0, 

(4-26) 

II 

+*-D5f^ 

(4-27) 

r^+l)= S 

t-0 


(4-28) 



(4-29) 


S' {Mg'J *<-;,+ + -cr V»;2+ 

(4-30) 


for all values of n and for all values of r from 1 to m. 

The validity of this solution is established if the series (4’27)-(4-30) are 
convergent. Suitable inequalities for ‘aj'’ etc. which are required for a 
proof of convergence may easily be found but it does not seem possible to 
obtain any really useful general conditions of convergence when the actual 
positions of the circles are unknown. The problem of oonvergenoe is best 
dealt with separately in each particular case which is considered. 


Vol. 176. 



130 


A. E. Green 


Thb effeot of straight boundaries 

6 . Suppose now that the plate is bounded by two parallel straight lines 
and that the m sets of non-dimensional axes (^, iff) are chosen so that, 
referred to the rth set at O,, the lines are defined by 7 ,. => 1 f (— 1 < 0 ,^ ^)- 
The typical length h has been taken to be half the breadth of the strip and 
hoLf is the distance of 0 , from the centre line of the strip. 

The fundamental stress functions which were used in § 2 have now to be 
modified to allow for the effeot of the straight boundaries. Thus, if Xr 
represents any of the fundamental functions for the origin a suitable 
function may be added to Xr so that Xr+^ gives zero stresses at infinity 
and zero normal and shear stresses on the straight boundaries. The functions 
"jC, are found by a method which was used by Howland ( 1929 ) but the details 
of the work are omitted here. The fundamental stress functions for the 
origin 0 , are found to be 

logp,+ J {e"*' ■¥ e-**'} {ttC' -tt(^,+a,) S' + e-“«C'} 

+ j^{e'^-e-^}{it8'-u(Vr+ar)0' + e-'^c8'}^pdu, (5*1) 

Or - J *{e“^ - c"^} {«C' - «(i;, -f- a,) S' -I- «C') ^-^du 

- J"{c‘«- + e-^}{ttS'-«( 7 ,+a,) C' + e-^cS'}^^du, (5-2) 

ooanOr 

P? 

~(n-ijt Jo t®"'~“>■) S' + e-^sC'} — 

“ I)! Jo {«“' + {- {«S'-«(7r+“r) C' + e-*cS'}—- 

(n>l) (6*3) 

sinnQ, 

Pt 

" ^ “ )"-^c-“r}{«C' -«(i;,-ha,)S' ^“^dtt 

“^Zi)i Jo f®"' + ( “ J"+«r) C' + e-« cS'} “ du, 

(nssl) (6-4) 
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co gngp+oo8(n + 2)e, 

Pf 

+ ^ j ”{(1 - a,) c“r + (_)»(1+a,) e-““r} + a,) S' - uQ' - e- 

Q /•« tt"008tt£ , 

+ J 0 {(1 - a,) e“' + (- )"+M 1 + ctr) {«(?,+«r) t’' - wS' - e-“ cS'} - du 

+ ^|“{e“r+(_)«+ie-«a,}{cS'-(9,+a,)«C'}—(«>0) (S-5 

sin ng,+8in (n+2)<?^ 

+ J {(I - a,) e“*r + ( - )"+M 1 + “r) «""*') + “r)^'" “C' - e”" 

+^, J"{e“‘'+ (- r^^e-‘r] {sC - (v,+a,)cS')‘‘'““”/‘^“ieiu 

+ {(1 - a,) <’“' + (-)" {1 + “r) {“(?r+“r) C' - mS' - e"** c8'} 

where 

s = ttinhu, c ■= coehu, S' = amh«(7,.+a,i), C' = co 8 h«( 7 , + a,),] 
r = Binh2M + 2M, 2?'= ainh 2m - 2tt. | 

These functions must now be combined to make the normal and shear 
stresses at the edges of each hole zero. In order that this may be done 
each stress function must be expanded in terms of the polar co-ordinates 
p„ 6, at the centre 0^ of a typical hole. Those expansions may bo obtained 
by straightforward algebra but the results are not given here as they are 
very complicated and are not likely to be used in the general case. 

Stress functions for a plate bounded by one straight edge may be deduced 
as a limiting case from those obtained for a strip, or they may be derived 
independently by a method which is similar to that used for the strip. 

Three equal holes in a bow 

6. It was pointed out in the introduction that stress systems in a plate 
containing three holes in a row have special interest as experimental results 
exist for such a plate when it is acted on by a uniform tension. Theoretical 
results for this problem will now be deduced from §§ 2-4. 
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Let the three circles whose centres are at 0,, and the three non- 
dimensional co-ordinate systems 

+ »7i ■=* Cl - = »P.e + ivs * tpjc-"*, 




FiaoBB 1 

be as shown in figure 1, where 0^0, = 0^0^ = h. For convenience the 73 
axis is taken in the opposite sense to the and axes and this must be 
remembered in making deductions from general formulae. The radii of the 
two outer circles will be taken to be equal and only stress systems sym- 
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metrical about both axes at 0^ will be oonaidered so that = *A„, 
“ *t'ni (♦» > 0), and the general stress function (2-6) reduces to 

X ” Xo + ^-^0 logpi + S PI*“ cos + S pl*" cos (2n + 2) 

n-l s-0 

+ Mo(logPa + logP3)+ S *^n(Pli’*C08«<^« + P8"«»»^s) 

+ S *C',{pj"co8(»+2)P,+pi«(» + 2)0,}. (6-2) 

K-O 

Expansions about tub centres of the circles 

7, As the stress system will be invariant under a transformation firom the 
axes at 0^ to the axes at it is only necessary to consider the boundary 
conditions at the edges of the centre circle and at one of the outside circles, 
say 0|; the boundary conditions at the edge of the remaining circle will then 
be automatically satisfied The necessary expansions of the stress functions 
are given by equations (3-1 )-(3'3), and, if constant terms are n^lected, they 
are 

log p, + log p 3 p!* cos 2ke^, 

Pi^cosn^j+Pi^cosn^a =^^^("<^)fe* + "a|jE‘)p}*’ooB2^^i, (»> 1) 

Pi" cos (»+2) e^ +pi’* cos (»+2) 0, = S + "e|j? 

+ ("l4H"i/f)t‘)p!}p!*oos2i0i, (n>0) 

(M) 

logpj =^S^®oi’*Pl®O8fc0„ 

pi*"cos2n^i = S *’*oi’*pJco8fcP„ (»>1) ■ (7-2) 

Pi*" cos (271 + 2) Pj = {*"4 ’*+*"^’*p!}/^ cos (» > 0) 

logP3=« s ®a|'*/^C08*P„ 
fc>i 

Pi" cos7»P, »= S "oi’*p} 008 (n 1) 

k-l 

pi»oos(«+2)Pj- S (*e|r»+’Vj*p5)/4oo8iP,. (n>0) 

k-O 


(7-3) 
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The ooeffioients in these expansions are obtained fix)m equations (3‘4)-(3'8), 
and are 

+ = 2»oi]t» = -p (*>1) 

+ (n> 1, 1) 

' (7-4) 

»eSfci + «e|fci = 2-e,V = (n>0, 1) 

VA^ + “lik^ = (n>0. M) 

Ooi.. = (r.p, ^k^l) 

' ' • (7-6) 

•“4’* = (- *)• (» > 0, i; > 2) 

/ - 'ifc-i 

The coefficient of p, cos 0| is omitted as this term contributes nothing to the 
stresses. 


Evaluation of thk constants 
8 . Equation (4*21) gives 

P-0 p-o I 

= S M<f), = S *C!iF\ 

p-o p-o J 


( 8 - 1 ) 
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where, from equations (4'22)-(4-24), 

i4«--»5oA*A» 


^Al?> = (n^l) 

2n(2n+l) ’ ^ 

a/^o) _ 


while, for p > 0, n > 0, 


(8-2) 


(8-3) 


'» = s +*4’”(‘y5k"+‘ySk')}. 

fc-O 

*r (8-4) 

»4p+«= S 

fc -0 


The coefficients in (8-4) are given by the equations {4*16)-(4‘19) and (7’4)- 
(7-6), and are 

*aJ-^ + *aJ'* = 0 , (k^O) 

0a,V + 0a3^x = _??-lAr. («>1) (8-6) 

*ailJ + *ai«" = 2(2» -1) (- )‘(*'^ (» > 1. * > 1) 

*yS’" + * 7 S’‘ = 4(i + l)(-)*A!, (fc> 0 ) 

‘rfn^ + ^tn^“2{-)*Arj(2n-l)(*+^^”)-2n^^ (A>0,«>1) 

(8-6) 

®/iw* + »Aik* = 2Ar-, (»>I) 

*icSw^ + ‘Ki.,i - 4n(-)*+i(*‘*'^"^)A}—, (n> 1, As. 1) 
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*11,1 + *1^1 = 2( - )*+i AJ»-*{2n(* 


(ib>0,n>l) (8-8) 

«aJ-* = 0, (ifc>0) I 

= („>i) I 

**aJ.-* = (-)-(»-l)(^*+”-^jAr. (n>l. k>l)\ 

*VJ’*=-2(2i+l)Ai, (*>0) 

■V.- = (-)-Ai-j(«- ')a!}, (»> 1. t>o)j 


(8-9) 


*a 2 '* = 0 , (A^O) 




n 2" 


. («> 1 ) 




(8-10) 

(8-11) 


W=2(A+1)(-)*^. {A>0) 




”*;■•=(-)”Ai>-«, (.> 2 ) 


(n> 2 , A> 1 ) 


( 8 - 12 ) 

■13) 


(8-14) 

(«>2) I 
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The convbbobnck ow thk constants 

9. To establish the validity of this formal solution, it is necessary to 
prove that the series in ( 8 - 1 ) and (8*4) are convergent. This proof has been 
deposited in the archives of the Royal Society and is not printed here. The 
series are shown to be convergent when both and A, are less than 0*266. 

Tension pebfendicular to the unb op centres 

10. If there were no holes a uniform tension T perpendicular to the line 
of centres would be given by 

>;o = lA*Tp*(l + co8 20,) (10*1) 

with stress components 

"o = i7’(l-eos2^,), > 

I (10*2) 

where r = 1 or 2 according as the origin is at 0^ or 0 ,. 

Hence = * 6 ^, = ij; = = JT, >5, = (10*3) 

all the remaining coefficients in (4*1) being zero. Thus, from ( 8 * 2 ) and 
(8*3), 

^A^ = -\h*X\T, == iA»A}T, = - JA*AfT,’l 

*4‘»> = - iA*Ai7’, *C5'’=-iA»A»7’.| 

Calculations have been carried out for the case Aj = Ag = 0*16. As the 
tabulation of the constants which are needed in the work would take up 
considerable space the detailed rosidts are omitted and only the final 
values of various stresses which are of interest are given here. The con¬ 
stants (8*6)-(8*16) have to be evaluated first and then equations (8*l)-(8*4) 
give the values of *Cj„, *A„, Any required stresses may then be 
found from the stress fimotion ( 6 * 2 ). 

The values of 691T at the edges of the centre and outside holes are shown 
in tables 1 and 2 respectively and the values of 06jT and ff/T (or x^JT, 
^i/T) on the line of centres between two holes are given in table 3. For 
comparison the values of 66jT at the edge of one hole in an infinite plate 
under tension are given in table 4. 

Experimental results have been obtained by Mr P. L. Capper for an 
arrangement of three holes of diameter d, arranged in a line across a tension 
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member of width 9d with a spacing of 2d between the holes and of d between 
the outer holes and the edges of the plate, where 9d was taken to be 4-120 in. 
and the total tension on the strip per unit thickness was 3020 Ib./in. This 
problem corresponds to the case for which = A, = 1/6, which are approxi¬ 
mately the values used in the above calculations, so that some comparison 
of the experimental and theoretical results is possible although complete 
quantitative agreement cannot be expected owing to the considerable 
influence which the straight boundaries have on the numerical values of the 
stresses. 


Table 1 

MIT 6 ^ MIT ffl MIT 

0 3 000 40 1 430 70 -0-300 

10 2-806 46 1 103 80 -0 743 

20 2-670 60 0 766 00 - 0-863 

30 2-066 60 0 126 


Table 2 

ei MIT MIT ^ MIT 

0 3 010 70 - 0-473 130 0-762 

10 2-890 80 - 0-807 140 1-428 

20 2-663 90 - 0 916 160 2-064 

30 2-024 100 - 0-782 160 2-668 

40 1-377 110 - 0-426 170 2-884 

60 0-600 120 0-108 180 2-997 

60 0 047 

Table 3 

Vi MIT ^IT 111 MIT 7rlT MIT ^IT 

0-16 3-009 0 0 4 1-160 0-266 0-7 1-267 0-333 

0-2 1-793 0-388 0-6 1-126 0-243 0-8 1-784 0-386 

0-3 1-262 0-336 0-6 1-148 0-264 0-86 2-907 0 


Table 4 

MIT 0° MIT 0 “ MIT 

0 3 40 1-36 70 -0-63 

10 2-88 60 0-66 80 - 0-88 

20 2-63 60 0 90 -1 

30 2 

Capper found that the stresses at the points A, B, C were 3-21T, 3-07T 
and 3-17r respectively which compare with S-OIOT, 2-9972’ and 3-009T 
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respectively, obtained from the present calculations. Thus the relative 
order of magnitudes of the three stresses agree and the numerical differences 
are probably mostly due to the influence of the boundaries. The stress ^ 
in the line BC has a minimum of I-IZT compared with 1-2T in the experi¬ 
ments. Further, the cross stress fr in BC has two maxima, having values 
O-aoT at points distant 0-23A. from Oy and O, respectively, with a central 
minimum of 0*247’. The corresponding experimental results give two 
maxima, the one at distance 0*3A from liaving a value 0*347’ and the one 
at distance 0*3& from being 0*207’, with a central minimum of 0*26r. 

Howland ( 1935 ) has worked out the stress in an infinite plate under 
tension containing an infinite row of equal holes whose line of centres is 
perpendicular to the direction of the tension and it is interesting to notice 
that he found a maximum stress of 3*177’ at the edge of a hole when the 
space ratio was 1 / 6 . This compares with 3*177’ in Capper’s exi^eriments and 
3*0097’ in the present work. The maximum stress on the edge of the centre 
hole is altered very little by the presence of the two neighbouring holes 
(when = Ay := 1 / 6 ) but it is appreciably altered by the presence of an 
infinite number of holes or by the presence of the two straight boimdanes. 

Capper found that the maximum compression at the edge of the middle 
hole was 0*387’, whereas 0*867’ is obtained in the present work and 0*767’ 
was found by Howland for the maximum compression at the edge of any 
hole of the infinite row. 

The writer wishes to thank the Durham Colleges Besearoh Committee 
for the use of a calculating machme. 
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Two-phase equilibrium in binary and ternary systems 
II. The system methane-ethylene 
III. The system methane-ethane-ethylene 

By M. Gutbr, D. M Nkwitt and M. Ruuemann 
Dept, of C/uetMcal Technology, Imperial College, South Kensington 

(Communicated by A. C. Egerton, Sec.R S.—Received 6 May 1940) 

Tho liquid-vapour equdibnum of th« ayatem methane-ftthylene haa been 
dotonnined at 0, — 42, — 78, — 88 and —104“ C over a wide range of 
preBBuroH and the reaulta are ahown on a pmaaure-compoaition-teniperature 
diagram and by a sonoa of proaauro-oompoaition curvea. The liquid-vapour 
equilibrium of the ternary system methane-ethane-ethylene haa been 
determined at —104, — 78 and 0“ C. Values for the two binary systems 
methane-ethane and methane-ethylene and for the ternary system methane- 
othano-othylone are shown on a oomjKMiito preeauro-oomposition diagram. 

In Part I of this series (Ruhemann 1939 ), the results of a determination 
of the liquid-vapour equilibrium of the system methane-ethane at five 
temperatures ( 0 , —42, —78, —88 and — 104®C) over a wide range of 
pressures were described; it was shown, inter alxa, that at pressures up 
to 16 atm. the system does not differ markedly in behaviour from that 
of a solution conforramg to Raoult’s law. The system methane-ethylene 
has now been investigated at the same five temperatures and over a 
similar range of pressures, and the two sets of data have been compared 
with those of a ternary system contaming all three gases. 


II. The systbu methane-ethylene 
The apparatus and method of determining the compositions of the 
co-existing phases of a binary mixture in equilibrium have already been 
described ( 1939 )- The methane and ethylene were either prepared in the 
laboratory or were purchased in cylinders. They were subsequently purified 
by liquefaction and fractional distillation, compressed in a water-lubricated 
compressor and stored in cylinders, their purity was ohookod at intervals 
by determining the ratio of carbon dioxide to steam formed on exploding 
samples with excess of oxygen in a constant volume apparatus. Mixtures 
of the required composition were prepared by condensing each component 
separately, at atmospheric pressure, into a thick-walled copper cylinder 
cooled in liquid air. 


[ 140 ] 
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Experimented reetdta 

The equilibrium values are conveniently expressed by pressure-composi¬ 
tion {P, x) curves which enable the compositions of the co-existing phases in 
equilibrium at any pressure to be read off directly and also give points on 
the plait-point curve of the mixture (figure 1). The critical pressures at 
0, —42 and —78° are 66-6, 74 and 61 atm. respectively, the P, x curves 
at these temperatures exhibiting regions of retrograde condensation. 



0 20 10 60 'so 100 

peroeatago of methane 
Figubx 1 
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It will be leoalled that m the caee of the methane-ethane system at 
- 78° C (about 4° above the oritioal temperature of pure methane), the 
saturated vapour and boiling-point branches of the P, x curve, as deter- 
mmed at progressively increasing pressures, appeared to become approxi¬ 
mately parallel at high pressures; neither curve indicated any appreciable 
change in composition with pressure above about 60 atm. and even up to 
200 atm. there was no tendency for the curves to close. The same effect 
was noted at — 78°C with the methane-ethylene system (figure 1, the 
dotted curve). 

The critical pressures of methane and ethylene are 45*8 and 50*6 atm. 
respectively, and although the critical pressures of mixtures of the two 
might be expected to be somewhat higher than that of either pure gas, 
such a difference as is here noted would be quite abnormal. Further work 
has shown that the liquid and vapour phases of both systems in the 
neighbourhood of the critical temperature of methane are able to exist for 
long periods of time m a metostable condition without measurable change 
in composition. True equilibrium can, however, bo reached by approaching 
the plait-point from the direction of high pressure, the appearance of the 
second phase occurrmg in the case of methane and ethylene at about 
61 atm., and in the case of methane and ethane at about 60 atm. The 
revised values at -78° for the latter system are given in table 1. 

Tablk 1. Composition of uquid and vapour of a mkthane-ethanb 

SYSTEM IN EQUIUBBIUM AT VARIOUS PRESSURES AT —78° C (REVISED) 
Peroentagea of methane by volume in 


Pressure Liquid Vapour 

» 6 fi 60 0 

10 160 790 

16 29 0 87 0 

20 42-6 90 0 

30 62 0 93-0 

40 73S 940 

60 80 0 92-6 

66 82-0 90-6 

60 86-0 86-0 


Temperature-compoaitton, (T, x), and boundary, {P, T), curves. From the 
P, X curves shown in figure 1 values for the T, x and P, T curves of the 
system may be read off directly. The closed P, x curves are sections 
through a three-dimensional figure (figure 2) representing the variables 
pressure, temperature and composition of the co-existing phases, made by 
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planee at right angles to the temperature axis. In the figure AB and CD 
are the vapour-pressure curves fox pure methane and ethylene, respectively, 
BFG being the plait-point curve for the system terminating at the critical 
points B (for methane) and G (for ethylene). Sections through the solid 
by planes at right angles to the composition axis give the corresponding 
boundary oiurves (e.g. EFO is the boundary curve for a mixture containing 
60 % of methane), whilst sections made by planes at right angles to the 
pressure axis give the T, x curves for the system (e.g. NEPQN is the T, x 
curve at 20 atm.]. It will be seen that retrograde vaporization and con¬ 
densation are associated with the convexity of the solid figure with respect 
to two planes at right angles to one another. 



Fiuubb 2 

The composUton of the two phases in equUibr%um. The composition of the 
co-existing liquid and vapour phases in equilibrium are given by the points 
of intersection of lines parallel to the composition axis with the saturated 
vapour and boiling-point curves on the P, x diagram. The ratio of the 
concentration of either component in the vapour phase to its concentration 
in the liquid phase is known as the equilibrium constant, or more correctly 
as the equilibrium ratio; a knowledge of its value as a function of pressure 
or temperature is required m dealing with problems of distillation and 
rectification. 

In the case of a mixture obeying Baoult’s law if and are the 
concentrations of components A and B in the liquid and vapour phase 
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reepeotively, and and their vapour preeaures at the given temperature, 
then if p is the total preeeure of the system 


II 

u 


and at temperatures below the critical 

the equilibrium ratio for one 

component will be independent of the nature and properties of the other. 

Tablb 2. Tub bqitilibbium ratio of 

HBTHANB IN THB STSTBUS 

MBTHARB-BTHANB AKD MBTHANB-BTHYnBNK 

Pressure 

Kqnillb: 

num ratio 

atm 

With ethylene 

With ethane 


-104* C 


3 

86 

9-6 

4 

6 1 

70 

5 

49 

56 

10 

26 

2-8 

16 

1-7 

1>8 

20 

1 2 

1-2 


-88-6°C 


8 

6-4 

66 

10 

42 

40 

16 

2-7 

30 

20 

1-9 

1-7 

26 

1-6 

1-4 

30 

1-26 

1-2 

36 

1 05 

106 


-77-8“C 


6 

11 0 

120 

6 

80 

9-6 

8 

60 

70 

10 

40 

60 

16 

26 

30 

20 

2 1 

20 

30 

1-6 

1-6 

40 

1-3 

1-26 

46 

1-2 

1 2 


0*C 


42 

6-6 

36 

46 

2-9 

3 1 

60 

26 

2-66 

64 

2 06 

2-36 

66 

20 

2-2 

60 

1-76 

1-80 

66 

1-86 

1-66 
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The experimental values of z„/«„ for methane in the sjrstems methane- 
ethane and methane-ethylene are summarized in table 2. It will be seen 
that at the four temperatures and over the pressure range indicated in 
the table, the equilibrium ratios of methane in the two systems do not 
differ greatly. Equation (1) cannot, however, hold over the whole range 
of pressure since, for example, at any point on the plait-point curve the 
two phases become identical and zjx^ = = 1. 

In figure 3 the equilibrium ratios for both components of the mixture 
methane-ethylene are plotted as functions of the pressure. It will be noted 
that the ratios corresponding with points lying on or near the axes of the 
P, X diagram approach umty or some limiting high value, also the con¬ 
ditions favouring the separation of the mixture into its components are 
those which give high values for the methane ratio. 


Ill. The system MKTIfANE-ETHANE-BTHYIiBNB 

In a two-phase ternary system there are three degrees of freedom, and 
in the experimental detormmation of equilibrium it is usual to fix two of 
them, namely, the temperature and pressure, leaving one to bo satisfied. 
If Xj and Xj are the mole fractions of the components A, B and C and 
the subscripts L and V refer to the liquid and vapour phases, respectively, 
then 

a;a^: + a?6£+x,£ = x„,,-l-XJ^,-|-Xr^,-l. (2) 

By selectmg some particular value of the mole fraction of in the 
liquid phase, say x'^, then at constant temperature and pressure *6£> 
*aK> ^bv fixed, and employing the conventional triangular 

diagram, a pair of nodes on the liqmd and vapour equilibrium curves will 
be obtained. By varying x^^, progressively a whole series of nodes can be 
determined and the complete equilibrium curves for both phases can be 
drawn. The area enclosed by the two curves on the triangular diagram 
gives the range of compositions within which separation into two phases 
can take place at the temperature and pressure to which the diagram 
refers. 

It can easily be shown that if the ternary mixture conforms to Baoult’s 
law the equilibrium curves will be straight lines. Thus, if p^, Pb and Pg 
are the jiartial pressures of components A, B and C and jr„, ztj, and itg their 
vapour pressures in the pure state, then 


Pa = *«/A,. Ph = ^bi?fb and Pg = x,,jrg. 
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The total pressure of the system is 

Pa+Pb-^Pc^P- 

Let the mole fraction of component A in the liquid phase be fixed, it 
follows that 

Wft — ir^ ffft — Ttf 

and is a Imear function of x„j^. Similar relations can be derived for 
x^j_ and for the mole fraotiuiis of all the components in the vapour phase. 

ExjterimenUil metluxi 

The procedure for arriving at equilibrium in the two pliases and for 
determining the composition of the liquid and vapour is similar to that 
described for binary mixtures ( 1939 ), save for a modification m the method 
of analysis required by the preseiKiO of a third component The catharo- 
metric method of analysis dotorinmos the composition of binary gas 
mixtures accurately and rapidly, provided the thermal conductivities of 
the components differ appreciably, but it is not easily adapted for the 
analysis of ternary mixtures. In the present instance, however, it was 
found possible to romovo chemically and estimate one of tho gases, namely. 



wriibhcrs 

Fiocbb 4 


ethylene, and to pass the remaining binary mixture through the catharo- 
meter in the ordinary way The anangement of the apparatus for this 
purpose is shown in figure 4 The ternary mixture from tho equilibrium 
vessel passes through tho flow-motor and thence through three smtered 
glass scrubbers, two of which contain bromine dissolved in a 10 % potassium 
bromide solution and the third a solution of potassium bromide to remove 
any bromme vapour carried over with the ethylene-free gases. The residual 
methane-ethane mixture then passes through a second fiow-meter and 
through the catharometer. 
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Over a limited range of velooitiea the flow-meter reading R is pro¬ 
portional to V, the amount of gas passing, 

R=‘av, 

wlioro « is a constant the value of which depends iijK)n the composition of 
the gas. it may also bo assumed that for a mixture consisting of com¬ 
ponents A, B and C 

where the subscripts m, a, b and c refer to the mixture and to its throe 
components, respectively The values of a„, Oj, and Oj are determined experi¬ 
mentally The corrected readings of the first flow-meter gives the total 
amount of gas passing, and the difference between the corrected readings 
of the two flow-meters gives the amount of ethylene absorbed. In the 
experimental determinations of equilibrium the compositions of the 
mixtures were frequently checketl by absorption and explosion analysis, 
satisfactory agreement being obtained. 

EzperimetUal results 

The results at —104° (at 5 and 10 atm.) and at 0° (at 50 atm.) are 
shown in figure 5 a, b and c, and those at -78° (at 10, 20 and 35 atm.) 
in figure 6, the equihbnum points of the co-existing liquid and vapour 
phases being joined by connodals Comparing figure 5 a and b the effect 
of pressure upon the extent of the region of co-existing liquid and vapour 
is clearly mdicated, thus, for example, at -104° and 10 atm. mixtures 
containing upwards of 88 % of methane are entirely gaseous whilst those 
containing less than 34 % are liquid; at the same temperature but at 5 atm. 
the corresponding figures are 72 and 14%. It is also evident that whilst 
the relative amounts of ethylene and ethane present in either phase vary 
considerably along the equilibrium curves the proportion of methane 
shows little change; the connodals, therefore, give the relative distribution 
of ethylene and ethane in the two phases for slightly fluctuating methane 
concentrations. 

Employing equation (3) the exxierimental values of the concentration 
of a component of the mixture may be compared with the values calculated 
on the assumption that Raoult's law is obeyed. Thus, from the values in 
table 3 which refer to equilibrium at —104° and 6 atm. it will be seen that 
the experimentally determined saturated vapour and boiling-point curves 
run approximately parallel to tlie “ideal" solution curves. 
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Table 3. Comparison of the experimentally determined values of 

METHANE IN THE CO-KXISTINO LigUID AND VAPOUR PHASES OF A 
MSTHANB-BTIIANB-BTHYLENE SYSTEM AT — 104° AND 6 ATM. FRBSSUBB, 
WITH THOSE CALCULATED FROM RaOULT’S LAW 

% mothano in liquid phase % methane m vapour phase 
phase Kxperunontal Calouluted ISzperimoiital Caloulatod 
629 18-8 19-2 74-8 88-6 

fiO-6 IB-B 19-6 7A-0 88-3 

42-8 16-0 19 9 76-7 89-4 

28-0 16-2 20 4 80-S 92-0 

13-6 16 1 20 9 839 93-4 
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Table 4. Valuks of the ratios concentration of ethylene . con¬ 
centration OF ETHANE IN THE CO-EXISTINO VAPOUR AND LIQUID 
PHASES OF THE SYSTEM MBTHANK-BTHANE-ETHYLKNB 

Vapour phase Liquid phase 

Ratio Ratio Ratio 

othyleno/ethano ethylono/ethano 

% methane (xjxc)r % methane {^hl^e)i. 

— 104“ C ami 5 atm. 

74-8 3S4 15 8 2 06 1-34 

76 0 2-33 16-6 1 50 1 66 

76 7 1-74 16 0 1 05 1-66 

80-6 0 76 16 2 0 50 1-61 

83-9 0-34 161 0 19 1 77 

—104“ C and 10 atm. 

88-9 600 34-1 6 28 1-14 

890 2-76 33-0 1 63 1 64 

90 7 1 07 33 0 0-636 2 00 

91 6 0 714 33-6 0 33 2 16 

— 78“ C and 10 atm. 

67 9 6-17 14 9 3 66 1-42 

69 1 2 92 14-4 2 05 1 43 

71 3 1 677 16-1 0-966 1 64 

78-7 0-626 16-6 0-673 0-93 

79 6 0 322 17 7 0 237 1 36 

— 78“ C and 20 atm. 

84 6 4-92 37-2 3 94 1 26 

86 5 3-36 37 6 2 38 1-41 

87 4 1-33 37 1 1 07 1-24 

88-3 0-96 37-3 0-866 1 11 

88-4 0 66 37-8 0-73 0 896 

88-6 0-24 38-2 0-40 0-695 

88-9 0-12 38-8 0 27 0-44 

— 78“ C and 35 atm 

94-3 3 07 76 2 4 63 0 663 

96-0 0 723 77 9 0-99 0 73 

93-9 0-22 73-2 0 218 1-01 

0° C and 60 etra. 

14-3 9-76 7-4 7-12 1-33 

17-1 4-67 9 0 3 79 1-23 

22-8 1-98 12 3 1-73 M4 

27-6 1-07 14-3 0-94 1-13 

30-1 0-73 16-6 0 66 1-09 

33-4 0-32 16-1 0 33 0-976 
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The relation between the two binary systems and the ternary S 3 rstem 
may be represented graphically as in figure 6 which refers to data at — 78°. 
The equilibrium curves and their oonnodals at 10, 20 and 35 atm. are 
shown on the triangular prism the vertical axis of which refers to pressure. 
The P, X curves for the binary systems {ABGD and EFHJ) wiU pass 
through the extremities of the equilibrium curves along the appropriate 
axis. It will be observed that they are distorted in such a way that the 
oonnodals make an angle of 60° with the horizontal. 

With increase of pressure the area of the region of co-existing liquid 
and vapour gradually diminishes until at a pressure corresponding with 
the point G (50-8 atm.), which lies on the plait-point curve of the binary 
methane-ethylene system, the saturated vapour and boiling-point curves 
of the ternary mixture meet; a critical state may then be defined at the 
unique point at which a connodal is tangential to the curve. On pro¬ 
gressively increasing the pressure from 50*8 atm. the region of co-existing 
liquid and vapour contmues to diminish, and at the point H (59'9 atm.), 
which lies on the plait-point curve of the methane-ethane system, only 
one phase remains. 

The conditions favourable to the separation of ethane and ethylene from 
the ternary mixture are seen from an inspection of the ratios of the 
concentration of ethylene (x^) to the concentration of ethane (Xg) in the 
liquid and vapour phases at the various temperatures and pressures 
(table 4), In this table are also listed values of the ratio (xjxg)y ; (xjxg)i, 
which give the slopes of the oonnodals. 

The authors’ thanks are due to Mr H. C. Lu for assistance with the 
experimental work and to the Anglo-Iranian Oil Co. for a grant towards 
the cost of the investigation. 
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Stereochemical types and valency groups 
By N. V. SIDOWICK, F R.S. and H M. Powbdl, 
{Ddivered 27 June 1940 -ReceUvd 27 June 1940) 

The arrangement.8 in itpaco of tlie covalonoies of a polyvalent atom, while 
they are aubjeot to amull vanatione aeldom exceeding 6 or 10°, tend to 
conform to quite a limited number of typon. Tt is desirable to relate this 
grouping to some familiar property of the atom. The property here used is 
the size (in O. N. T^ewia’s sense) of the valency group of the central atom, and 
the number of shared electrons which it (xintams, together with that of the 
preceding (unshared) electronic group in the atom. The oxix'nmontal results 
show the following relations. 

I. When the valenoy group is less than 8 wo hove with a covaloncy of 2 
a linear structure (as in Cl-Hg-CI). and with one of 3 a plane with equal 
angles of 120° (as m BF,) 

II. With a comploto octet the arrangement can be either tetrahedral 
or planar. When the covaleney is loss than 4 it is always derived from the 
tetrahedron, ns m the triangular OH, luid the pyramidal NH,. Thu fully 
shared octet is always totraheilral when the prooisling group (nin thegroupmg 
(n) 8) IS 2, 8, or 18 In the transitional elements where 8 < » < 18, it is tetni- 
hedral if n is not much more t han 8, and planar if it is not much less than 18, 
but the two senes overlap 

ITT. When then- are 10 valency electrons, at least 2 of them (the “inert 
pair”) unshared, the strueturo with a dicovalent atom (as in M[I,1) is linear 
that of a 4-covalent atom is found in the thallous and plumbous salts to bo 
planar, but m tolluniim tetrachloride it may bo a distorteii tetmhedron. 

rV. The peculiar 4-covalcnt duodecot in M[lCl 4 j is planar. 

V. A covalency of ft is always found to give a trigonal bipyranud. 

VI. Covalency 6. Three structures aro theoretically possible, a trigonal 
pnsm, a trigonal antiprism, tuid a regular octahedron. Kxperiraentally 
the octahedron is always found, except in a few giant molecules such as 
those with a nickel-arsenide lattice. Tlie regular oi-tahedron has been found 
with practically every possible size of the preceding group, as well as with the 
“inert peur” of electrons. 

VII. A covaloncy of 7 can have two different stnicturca, one donvoii 
from the octahedron and the other from the trigonal prism. 

Vm, Covaleney 8 The only compound examined, Kt[Mo(CN),J, hai 
a dodecahedral arrangement of the 8 CN groups. 

Nearly (but not quite) all the structures can be even more simply related 
to the size of the valenoy group by assuming that the mt'on positions of the 
electron pairs in this group are the same whetlier they aro aharod or not, the 
structure being hnear for 4 electrons, plane symmetnoal for 8, either tetra¬ 
hedral or plane for 8, a trigonal bipyramid for 10, and an octahedron for 12. 


V<8. 176. A. (9 eXtobrr 1940) 
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The experimental determination of the relative positions in spewe of the 
atoms in a molecule can now be effected by a vanriety of methods, of which 
the measurement of the diffraction of X-rays by solids and electrons by 
vapotus, of absorption spectra and Raman spectra, and in particular cases 
of optical activity and electrical dipole moments, are among the most 
important. A knowledge of these relative positions has acquired greater 
importance recently for two reasons: first, because they are fundamental 
in determining the possibility of resonance among different structures; and 
secondly, fix)m the point of view of chemical dynamics, since we now realize 
that the heat of activation is largely the energy required to bring the atoms 
into their proper positions for reaction. 

On the theoretical side, the calculation of the relations between the 
electronic structures and the oovalency directions has made great progress, 
mainly as the result of two methods of attack, that of localized electron 
pairs, and that of molecular orbitals, which are now (van Vleck and Sherman 
1935 ) realized to be only two initial approximations leading to the same 
final solution. These methods enable us to relate the stereochemistry of the 
molecule to the number of shared and unshared electrons in the polyvalent 
atom, and the electronic subgroups which these occupy Recently, Kimball 
( 1940 ) has given a discussion, from the group-theory point of view, of all 
the possible stable electronic arrangements which polyvalent atoms can 
have, and of the spatial relations to which they give rise. 

For the chemist, who is more interested in the answer than in the method 
of calculation by which it is reached, these theoretical investigations are 
subject to two drawbacks. The first, which is inherent in the present state 
of molecular physics, is that when the energy differences between the various 
|) 08 sible electronic arrangements, or between various stereochemical 
groupings which are compatible with the same electronic structure, are 
small, they cannot be determined by calculation, which thus can only inform 
us what arrangements are possible, and not which will actually bo adopted. 

The second weakness is that of the chemist, who cannot always tell 
whether the bonds in a given molecule are a, p, or d even when this is clear 
to the physicist, and would be glad to be able to infer the stereochemical 
type from some proiierty of the molecule with which he is more familiar 

It therefore seemed worth while to collect the ex{)orimental evidence as 
to the stereochonustry of polyvalent atoms, and to try to relate it to the 
simplest expression of electronic structure, the size of the valency groups 
and the number of shared electrons they contain. 

The calculation (if it can be called so) of these sizes is simple. The total 
number of electrons in the combined atom is taken to be the atomic number 



Bakerian Lecture 


155 


increased by 1 for every normal covalenoy and by 2 for every co-ordinate 
oovalenoy in which it acts as an acceptor, and further increased or diminished 
by the amount of the ionic charge if any. Of this total the unshared electrons 
are distributed as far as possible among completed electronic groups of the 
size 2n* ( 2 , 8 , 18, 32). The shared electrons are eissumed for this purpose 
(though this is not always true in fact) to be all in the outermost electron 
group; there may also be (with the transitional elements) a penultimate 
group of from 9 to 17 unshared electrons. When the structures of the atoms 
are formulated in this way, experience shows that the outermost group (the 
valency group proper) if it is wholly shared may contain any even number 
irom 2 to 16; if it is partly shared (nuxed) then either (a) it contains not 
more than 8 electrons in all, or (b) by the removal of 2 unshared electrons 
(known as the “inert pair’’) it can be reduced either to an octet or to a 
wholly shared group. The only certain exception to this is the anion [ICl 4 ]'> 
where the valency group of the iodine contains 7-f-4-|-l = 12 electrons, of 
which only 8 are shared. 

It is thus possible to express the olectromc structure in this simple sense 
by means of the two outermost groups in the atom, for example, that of 
the oxygen in water as (2) 4,4 (the shared electrons are printed in heavy 
type) and the divalent* palladium in py,PdCl, as - (16) 8. 

The majority of the data we have to consider are the results of the X-ray 
analysis of crystal structures, and the interpretation of such results in terms 
of molecular linkage is sometimes a matter of uncertainty. It is not always 
clear whether particular links should be regarded as ionized or covalent, 
and it may sometimes be suspected that the atomic positions are largely 
distorted by internal strains of more than one kind. Wo have tried to avoid 
such difficulties by omitting these doubtful molecules, and considering only 
those whose structures appeared fairly certain. It should be observed that 
where there is reason to suspect the occurrence of resonance between ionized 
and covalent links (which presumably is the most frequent form of 
resonance), this need not prevent the atoms from having the spatial 
distribution required for the purely covalent structure, since it is a condition 
of the resonance that the positions should be nearly the same in both (or all) 
the resonance structures. 

If these principles are clear, it remains only to consider the results. 

Theory and practice agree that the arrangements in space of the co- 
valencies of a polyvalent atom, while they are subject, from a variety of 

* The numerical value of the valency ih of course taken in the aeiiae defined by 
Grimm and Sommerfold ( 1926 ) as the diifercnce between the number of unahartHl 
electrons m the unoombined and in the oombmod atom. 
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cauaes, to small variations seldom exceeding 5 or 10°,* tend to conform to 
a quite limited number of types (probably less than 12 ), aooording to the 
number of links, the nature of the linked atoms, and the way they are 
joined. 

In collecting the evidence for these structures, those molecules have been 
excluded in which the central atom definitely (and not merely in one reson¬ 
ance form) has multiple links, because they do not help us. We have little 
or no experimental knowledge of the effect of multiple links on the geometry 
of any forms other than the tetrahedral, and so from the observation of 
multiply linked molecules we cannot infer the original smgly linked type. 

The subject may be divided into two main parts. (I) structures m which 
the covalency of the central atom is 2 , 3, or 4, and (II) those in which it is 
6 , 6 , 7. or 8 . 


I. COVALKNCIEH OF 2, 3, AKD 4 

In this section we must distinguish four classes. 

I. A. Valency group leas than 8 , i e. either the 2-covalent quartet 4, or 
the 2 - or 3-covalent sextet 2, 4 or 6 . To these must bo added one or two 
molecules such as 1 IiU« and C30|, where the central atom falls a little short 
of a full octet. 

I. B Valency group 8 (by far the commonest condition) ■ 2-oovalent 4, 4; 
3-covalent 2 , 6 , 4-covalent 8 , The electronic group preceding the octet in 
the atom may be 2 , or any number from 8 to 18 inclusive; if it is more than 
8 and leas than 18 (transitional elements), the octet is always found to be 
fully shared 

I. C. Valency group 10 , two at least of these being unshared [( 2 ) 4, 4; 
(2) 2, 6 ; ( 2 ) 8 ]. This only occurs, so far as we knowj-, when the preceding 
group is 18 (the B elements of the Periodic Table), and is found especially 
in the heavier elements, and in the later periodic grouiis, the phenomenon 
is known as that of the “inert pair” of electrons (see Grimm and Sommer- 
feld 1926 ). 

I. D. Valency group 12, of which 4 are unshared, this is only known for 
certain in one molecule, the univalent ion [ICI 4 ]-. 

* Oocasioually the internal strsm causes large distortion, as in cyclopropane and 
phosphorus vajiour P 4 , in winch the valency angles are reduced to 60®. 

t A possible exception, which, however, does not concern us hero, is the totravalent 
uranous ion U*+. 



Bakerian Lecture 


167 


I. A. Lest than 8 electrons in the valency group 

Quartet, 2-covalent, 4; this is always linear. Examples are given by 
argentous, aurous, mercurous, mercuric, and thallic compounds: e.g. 
K[Ag(CN),l (Hoard 1933 X)*, (CH,)aP ->Au— I (Mann, Wells and IHirdie 
1037 X), 01-Hg-Hg-Cl (Havighurst 1925 X); Br-Hg-Br (Braekken and 
Scholten 1934X), [CHj-Tl-CHjlX (Powell and Crowfoot 1932 X), 

Sextet. The fully shared (3-oovalent) sextet has only been examined in 
the trihalides and trimethide of boron (Levy and Brockway 1937 E), all of 
which have been shown to be plane structures with a covalency angle 
of 120 °. 

An uiteresting modification of the sextet, of which only a few examples 
are known, is the dicovalent form 2 ,4, this occurs in the covalent state of the 
plumbous and stannous halides such as SnClj. PbBtj. We should expect 
from the behaviour of the 2- and 3-covaIent octets that the valency angle 
would be much the same here as when the sextet is fully shared, i.e nearer 
to 120 than 180°: unpublished work by Sutton and Lister on the electron 
diffraction by the vapour of stannous and plumbous halides mdicates that 
this is so. 

Two other forms of “imperfect octet” are found in diborane, B^H,, and 
in chlorine dioxide, CIO,, if we assume that the valency electrons at© equally 
distributed among the covalencies, the boron in B,H, has 48/7 and the 
chlorine in CIO, 23/3 electrons. The structures, as wo might expect, are 
much the same as though the octets were complete, diborane having the 
structure of ethane (Mark and Pohland 1925 X, Bauer 1937 E), and chlorine 
dioxide a valency angle which is nearer to 110 than 180° (Sutton and 
Brockway 1036 E). 

I. B. The octet 

(а) Co valency 2 : 4, 4 Examples of this are numerous e 8 |ieoialiy in com¬ 
pounds of oxygen and the sulphur group (O, S, Se, Te, Cl, Br), the valency 
angle is practically always between 90 and 110 °, the mean being about 
106° (see list in Pauling ( 1939 , p. 79 )) t 

( б ) Covalency 3: 2, 6 . This is invariably pyramidal, the valency angles 

* Tho letters following the dato iiulioate tho metliofi of measurement used thus 
X = X-ray crystal analysis: see below, p. 166. 

t In some crystalline structures a linear arrangement of the dicovalent octet appears 
to be possible. Thus in the pyrophosphato ion P|0, tho P-O-P group was found to bo 
linear (Lovi and Peyronel 1936 X), and so too is tho Si-0-8i group in Si,0, (Gossner 
and Mussgnug 1929 : Zachanasen 19306 ), and in enstobahto (WyokoiT 1925 a), though 
not in quartz. The Be-F-Bo valencies in crystalline berylhum iliionde also seem to be 
noariy linear (Brandonberger 1932 X; Warren and Hill 1934 X). Wliether this is due 
to rotation or strain m tho crystal or to other causes is uncertain. 
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being, as with the dicovalent octet, between 90 and 110°, and nsually abont 
106°; this has been established for the 11 elements N, P, As, Sb, Bi, O, S, Se, 
Te, Br, I. 

(c) Covalency 4: 8 ; fully shared octet. This is the commonest of all 
covalent structures. It can assume either of two quite different stereo¬ 
chemical forms, the tetrahedron or a plane structure with the valencies at 
right angles. Both of these have long been recognized; the tetrahedron was 
proposed for carbon by van't Hoff nearly 70 years ago ( 1874 ), planar 
form was first suggested for molecules of the tyjie of Pt(NHj)jClg by Werner 
some 20 years later ( 1893 ), this view of Werner’s has been disputed, but is 
now established beyond doubt It heis been shown (Pauling 1931 , Kimball 
1940 ) that tlie type of structure adopted depends on the nature of the 
linking electrons, sp® and d^s giving the tetrahedron, and dsp* and d*p* 
the plane square, but its relation to the simpler chemical classification here 
adopted is uncertain. It obviously depends at least in part on the size of 
the preceding electronic group; when this contains 2 electrons (Be, B, C, 
N, 0) or 8 t (Mg, Al, Si, Ti, P, V. Nb. Ta, S, Cr, Mo, W, Cl, Mn. Re, Os) 
or 18* (Cu, Ag, Zn, Cd, Hg, Ga, In, Tl, Ge. Sn, Pb, As, Sb, Te, I, Fe-*, 
Ni®) the type is tetrahedralf: some 40 elements with the structures 
( 2 ) 8 , ( 8 ) 8 , and (18) 8 have been shown to give tetrahedral molecules. 

But when the atom has a transitional core, with an outer group (next to 
the octet) of more than 8 but less than 18 electrons, both of tlie types are 
found, the tetrahedral when the group is not much more than 8 , and the 
planar when it is not much less than 18, and the two senes overlapping in 
the middle As to several of these structures we unfortunately hare no data, 
but enough have been determined to show the general relations, they are 
given in the following table, where n is the number of electrons in the 
(unshared) group preceding the octet: 



* All thcHC elements are m their group valencies unless otherwise marked, 
t Tlie only exception to this is found in the aiirous compoimds K[Au(CN)jA], 
whore A stands for a molecule of the chelate diammo dipyndyl or phenanthrohna; 
Wardlaw and his colJeaguos (Dothie, Llewellyn, Wordlaw, and Welch 1939 ) claim to 
have shown that these are planar, although the gold atom has the structure (18) 8 . 
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Of the atoms with the group (14) 8 only one has been measured, (CH 3 ),PtCl 
(Cox and Webster 19356 X), which was found to be tetrahedral. The group 
(16) 8 includes a lai?;e number of compounds of divalent nickel, palladium, 
and platintun, whose structures have been examined in great detail They 
are always found to be planar (see especially (bx, Pinkard, Wardlaw and 
Webster 1935 , Cox, Wardlaw and Webster 1935 ); and it seems probable that 
all the atoms with this groupmg are of the planar type*. 

This remarkable divergence of type may perhaps be explained as follows 
The square planar configuration is that of an octahedron with 2 trana- 
groups removed, and it may possibly involve a 4-covalent duodecet, 4, 8 , 
as we have in the planar [ICl 4 l~ ion If so, the electronic arrangement 
should be written not (n) 8 but (» - 4) 4, 8 , and since the penultimate group 
cannot be reduced below 8 , the planar structure would only become possible 
when n is at least 12 , which is roughly where it first appears. 


1. C The deeet 

This section comprises the 2 -, 3- and 4-covalent molecules of the ‘‘inert 
pair ” kind. (The 6 -covalent decets are discussed later.) 

The dicovalent form ( 2 ) 4, 4 is hnear, as is shown in the trihalide ions of 
the salts M[IClj], M[lBrCl], M[l,] (Wyckoff 1920 . Mooney 19350 , 6 , 
1938 a). The tricovalent state (2) 2 , 6 occurs in the iodide chlorides Ar. IC1|, 
but their structure has not been examined. The 4-covalont form ( 2 ) 8 was 
exatmned by Cox (Cox, Shorter and Wanllaw 1937 , 1938 X) in compounds 
of monovalent thallium [T 1 (SC(NH,),) 4 ] NO, and of divalent lead (a variety 
of plumbous complexes including the complex oxalate K([Pb(C, 04 ),]), all 
of which were found to be jilanar. 

It is not certain, however, that the group always has this form. Tellurium 
tetrachloride (TeCl,. - (18) ( 2 ) 8 ) was found by Smyth, Grossman and 
Qinsburg ( 1940 ) to have in benzene solution at 26° the large dipole moment 
of 2-64 D. If this is the true moment of the T 0 CI 4 molecule, it cannot have 
either the tetrahedral or the plane structure Kimball and Paulmg (quoted 
by Smyth et cU, 1940 ) consider that this is so- that as the tellurium atom 
here has 10 valency electrons the structure should be that of a trigonal 
bipyramid (as in the 6 -covalent molecules) with one place—i)robably 

* This, however, is not certain. The planar i-oovalent mokoloiis compounds have 
been shown to be diamagnetic, Paulmg’s theory requires; but there are other 
4-oovalent niokelous compoimds which have been found to be paramagnetic, although 
their stereochemical structure has not been exammed. 
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equatorial—^unoccupied; thia would give a polar molecule of the shape of 
an imsymmetrical tetrahedron*. 

On the other hand, it is possible that tellurium tetrachloride has the same 
planar structure as the thallous and plumbous compounds examined by 
Cox, and that the apparent moment is due either to abnormal atomic 
polarization or to the formation of a co-ordinate link to the solvent. Various 
facts support this view. Tellurium tetrachloride is by no means a simple 
covalent molecule; it melts at 226° and boils at 390°: its sjiecilic conductivity 
in the fused state is that of a salt, being 0-1146 at 236° (Biltz and Voigt 1924 ). 
Though it dissolves in benzene (about 4 % at the ordinary temperature), it 
is too insoluble m carbon tetrachloride, carbon bisulphide, and heptane 
for these solvents to be used, wliich strongly suggests that it is solvated in 
benzene. There are many parallel instances Mercuric chloride, bromide, 
and iodide, which in the vapour have been shown to be non-polar linear 
molecules (Braune and Linke 1935 D), are nearly insoluble m benzene, but 
readily dissolve in dioxane, m which solvent they were found to give moments 
of 1-29, 1'06, and 0*58 D respectively (Curran and Wenzke 1935 D); in this 
case compounds with dioxane Hg(hal)j, CiHgOj have since been isolated 
(Crenshaw, Cope, Finkelstein and Bogan 1938 ). Aluminium bromide, 
which is non-polar in carbon bisulphide, has a largo moment (4-89 D) at 
high dilutions in benzene (Ulioh and Nespital 1931 ,) iodine has a moment of 
1*0 in benzene, but is non-polar in hexane and cyclohexane (Mtiller and 
Sack 1930 ).! 


I. D. 

This structure 4, 8 is a duodecet with four unshared electrons, as though 
it had two inert pairs. It occurs in the tetrachloroiodides M[ICl 4 ]; the 
potassium and tetramethyl ammonium salts have been examined (Mooney 
1938 b), and it has been shown that the amon is planar and equiangular. 
This is the only known example of this tyjie of electronic grouping, unless, 

* L. Hebnholtz and M T. Rogors (./ yimer Chem Soc IQ 40 , 62, 1537) have 
recently found that the anion of K[l()xP|]> m which the iodine hoe the valonoy groups 
—(18) ( 2 ) 8 , has a configuration tliat may be regarded as that of a trigonal bip 3 rrainid 
with one equatorial position unoccupied. 

t Smeo this was written Stevenson and Schomakor have puhlistied ( 1940 ) an 
examination of tollunum tetrachloride by olectron diffraction. Their results show the 
Te-d distance to be 2*33 A (sum of covalent radii 2 30), which requires that the 
C1***C1 dmtanoo shouitl bo for a tetrahedron 3*82 A, and for a plane square struoturo 
3*30 A The observed value of the principal Cl* *01 distance is 3*27 A, corresponding 
to a valency angle of 03 ± 3°. They consider that this is evidence of a distort^ tetra¬ 
hedron of the kind contemplated above; but it will bo seen that the results ho very 
olooe to those required for a plane sj-nunetrictd structure. 
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as is possible, it also ocoors in the planar 4-covalent compounds of the later 
transitional elements. 

II. 

This section comprises the atoms with covalencies of 5, 6 , 7, and 8 . 

II. A. Cmmleney 6 

Several compounds of this kind have recently been measured, belonging 
to 4 different groups 

(а) - ( 8 ) 10; Vi\, PClj, NbCU; NbEr^; TaCl^; TaBr^. 

( б ) - (9) 10; MoClj. 

(c) - (16) 10; Fe(CO)j. 

(d) - ( 18 ) 10, Sb(CHs),(hal),. 

All were found to be trigonal bipyramida (figure I); in PCI^ two different 
investigators (Rouault 19386 , Schomakor quoted by Pauling 1939 , p 103 
note) found that the polar P-Cl distances were about O'l A shorter than 
the equatorial, though the values obtained in the two investigations differed 
somewhat, in none of the other AB, compounds (types a, 6 , c) was any 
indication of such differences found, but the results do not always make it 
possible to determine this with any exactness. The last compound on the 
list, 8 b(CH 3 ) 3 (hal),, has the two halogen atoms in the polar positions, and 
at distances from the central antimony atom intermediate between those 
required for an electrovalent and for a covalent bond, indicating resonance 
between those two forms; it may be pointed out that in the ionized form 
[(CH,) 38 b]hal, the antimony has only a sextet of valency electrons, so that 
the natural positions of the methyl groups are the same in both structures. 



trigonal pyramid IF, structure 

Fiourk 1 


A fifth molecule of this covalency, IF 3 , has also been examined by electron 
diffraction; but the difference between the atomic numbers of the atoms 
(9, 63) makes it impossible to determine the stereochemical type. This is 
peculiarly unfortunate, because there are theoretical reasons to expect 
that since the iodine has 12 valency electrons this molecule will be a square 
pyramid (figure 1 ). 
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II. B. CovaUncy 6 

Next to that of 4, this is the covalenoy that is most often found. On 
theoretical grounds we should expect three stereochemical types: (1) a 
trigonal prism, (2) a trigonal antiprism, and (3) a regular octahedron 
(figure 2). In fact, it is found that all the known molecules of the AB, kind 
form regular octahedra, with the exception of a few giant molecules con¬ 
taining ABg groups, which are of the other forms (MoS„ trigonal prism: 
crystals with the nickel arsenide lattice, trigonal prisms and trigonal anti- 
prisms). The reausons for this are clear if wo examine the structures more 
closely. Properly speaking these should be called two types, (1) the trigonal 
prism and (2) the trigonal antiprism: the regular octahedron is a species of 
(2) in which the B-B distances and the valency angles are equal. The 
relation between the prism and the antiprism is exactly like that between 
the unstable and the stable positions in ethane, and it is natural that in 
molecules of the AB* kind, where the B atoms are crowded together, they 
(or their links) should repel one another, which would make the antiprism 
form more stable. For the same reason we should expect that among the 
various forms of the antiprism the strain would be least in the octahedron, 
where the B atoms are equidistant. 



trigonal ontiprism trigonal pnsm octahedron 

Fiqure 2 


Hence it is natural that the octahedral form should bo preferretl when the 
ABg molecule is left to itself, either in the vapour or in those crystals where 
it is only attached to its neighbours by weak van der Waals forces; while 
m giant molecules the much stronger valency forces acting on its atoms 
may draw them over into one of the other forms. 

The range of the octahedral type is very wide; for atoms in the first short 
period a covalenoy of 6 (= (2) 12) is of course impossible, but almost every 
other conceivable form is known, not only - (n) 12 with every value of n 
from 8 to 18, but also the form with the inert pair-(18) (2) 12 Theelements 
concerned are given in the followring list* 

(8) 12: Mg, Al, Si, Ti, Zr, Hf, P, V, S, Mo, W, U. 

(9) 12: [apparently the only form that is missing]. 

(10) 12; V‘'‘, Osvi. 

(11) 12: CV“, Mo‘», W‘». 
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(12) 12: Ru‘v, 08‘v. 

(13) 12: Mn», Fe'", Ru‘», Ir*^ 

(14) 12: Ci", Mo“, W», FeH, Co»‘, Ru», Rh»‘, Pd‘v, Irin, Ptiv. 

(15) 12: Co». 

(16) 12:Ni‘‘. 

(17) 12: Cii». 

(18) 12- Zn, Cd, Ga, In, Tl, Ge, Sn, Pb, Ab, Se, To, I. 

(18) (2) 12: “inert pair” Se‘v, Te‘v. 

II C Govalency 1 

This oovalency is very rare, and so far only three or perhaps four examples 
of it have been examined. The heptafluorozirconate Kg[ZrF 7 ] has been 
shown (Hampson and Pauling 1938) to be truly 7-covalent, the structure 
of the anion being denved from an octahedron by adding a fluorine atom 
at the centre of one face, on the other hand, the mobium and tantalum com¬ 
pounds Ki[NbF 7 ] and K,[TaFf] have a different structure (Hoard 1939), 
derived from the trigonal prism by adding a fluonne atom at the centre 
of a prism face (figure 3) This difference is the more remarkable since the 
central atoms in the two groufw of comi)ounds are isoelectronic, having the 
structure - (8) 14, though the ionic charges are of course different.. 



fZrF,]- [NbF,]— 


i 

Fo(CO), 


1 - 


Fiuuke 3 
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Another molecule assigned by Pauling, no doubt correctly, to the 7-co- 
valent class is the very peculiar iron enneaearbonyl Fe,(CO), (Powell and 
Ewens 1939 ). The two iron atoms are joined through three carbon atoms, 
but their distance apart makes it almost certain that they are also linked 
directly, a conclusion which is supported by the diamagnetism of the 
compound (figure 3). Pauling ( 1939 , p. 238 ) describes the iron here as 
trivalent, but with this formula it is tetravalent, and the valency group is 
- ( 12 ) 14. The stereochemical type is the same as that of the heptafluoro- 
zirconate. 

II. D. Covalency 8 

Compounds of this covalency are much more frequent than the 7-covalent, 
but only one of them has been examined, and that is the very stable octo- 
cyanide of tetravalent molybdenum K 4 [Mo(CN)g], the anion of which was 
found (Hoard and Nordsieck 1939 ) to have neither the cubic nor the anti- 
prismatic structure, but that of a dodecahedron (figure 4) The cube, which 
has generally been assumed to be likely to be the shape of an 8 -oovalent 
complex, js on theoretical grounds unlikely to occur. 



[Mo(CN),]- 


Fiuube 4 

Conclusion 

If we compare the stereochemical typo with the size of the valency group 
as a whole, and assume that the electron (lairs occupy much the same 
positions whether they are shared or not, it is seen that this size is closely 
related to, and in most cases uniquely determines, the tyiie of spatial 
arrangement adopted, and in the following way. 

With a quartet of electrons, the molecule is linear (as in Cl-Hg-Cl). 

With a sextet, the arrangement is planar, and the valency angles 120°, 
giving with a covalency of 3 the plane symmetrical molecule (as in BF,) 
and where it is 2 -covalent, an in SnCl,, a triangular molecule. 
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With an octet there appear to be two different types, the tetrahedron 
and the plane square form. All the 2- and 3-oovalent octets are derived 
from the tetrahedron, the 2-oovalent being triangular and the 3-oovalent 
P 3 rramidal. The 4-covalent (fiilly shared) octet is tetrahedral when the 
electron group (n) preceding the valency octet contains 2 , 8 , or 18 electrons, 
and also in the earlier transitional elements when n is not much more than 8 . 
When n is not much less than 18 the planar form appears, while for inter¬ 
mediate values both types occur. The planar form may really be a 4-covalent 
duodecet, as in the [ 1 C 14 ]“ ion (below), which would become possible when 
n is not less than 12 . 

The decet when fully shared ( 6 -oovalent) gives the trigonal pyramid. 
The 4-covalent decet seems to have two forms. ( 1 ) a plane square structure 
in thallous and plumbous compounds (involving a change in the dis¬ 
position of the 10 electrons), and perhajis ( 2 ) in tellurium tetrachloride a 
distorted tetrahedron, which would naturally arise from the bip 3 rramid 
by the removal of one of the attached atoms. The 2 -covalent decot is found 
in the trihalide ions such as Lf 8 ]~> which have been shown to be linear, as if 
derived from the trigonal bijiyramid by removing all three equatorial 
grou])s. 

The duodecet when fully shared ( 0 -covalont) is octahedral. The 6 -covalent 
form occurs in IFj, but its structure is not known; the 4-covalent form is 
that of the iodine in the amon [ICl 4 ]~, which has been shown to be square, 
and so to be denved from the octahedron by the removal of two trans¬ 
groups; the same structure may occur in the planar 4-covalent compounds 
of the later transitional elements. 

The 14-group occurs in two 7-covalent forms derived respectively from 
the octahedron and from the trigonal prism by the insertion of a seventh 
valency. 

Of the 16-group ( 8 -covalent) only one example has been examined, which 
is found to be dodecahedral. 

Wo wish to thank Dr Hampson and the Chemical Society, and Dr Hoard 
and the American Chemical Society, for [lermission to reproduce figures 
3 and 4. 


Bibuoobaphy 

The bibliography of this subject is very large, and only a selection of the 
more important papers is given here. In the first section the short titles of 
the papers are quoted under the elements in question, the full references 
being given in § 2. The elements in § 1 are arranged under their periodic 
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groups, the symbol being followed by a Roman figure giving the valency, 
and an Arabic the covalenoy: the composition of the outer electronic groups 
then follows. Thus for heptavalent 4-oovalent manganese (as in KMn 04 ) 
we have Mn vn 4; - (8) 8. The letters following the date of each paper 
show the method of observation employed: X - X-ray crystal analysis; 
Cr a crystallography without the use of X-rays (these two headings in¬ 
clude papers which establish the similarity of one crystal to another whose 
structure has been determined in detail elsewhere); E = electron diffraction; 
S = spectrum, D = electrical dipole moment; 0 = optical activity; I = 
geometrical isomerism; more general pa{)ers are nut marked. Tetr. = tetra¬ 
hedral; oct. = octahedral. 


Group I 

Copper. Gui4: -(18) 8 ; tetr. CuCl, etc.: Pauling 1939 , p. 165 X. K,[Cu(CN) 4 ] 
and rCu( 8 = 0 (CH,)NH,) 4 lCl: Cox, Wardlaw and Webster 1936 X. See also Mann, 
Purdie and Wells 1936 X; Wells 1936 a X; Mellor, Burrows and Moms 1938 I; Kete- 
laar 1931 X. 

Cuir 4: -(17) 8 . planar. CuCl,, 2 H 4 O Marker 1936 X. Chi" diketones: Cox and 
Webster 1935 a X. See also Cox, Sharrat, Wardlaw and Webster 1936 X; Cox. 
Wardlaw and Webster 1936 X; Mellor, Burrows and Moms 1938 I. 

Cun 6 : -(17)13: oct. M,[CuCl 4 , 2HgO]: Hendricks and Dickinson 1927 X; 
Chrobak 1934 X. See also Wahl (19276 O), with objections of Johnson and Bryant 
( 1934 ) and Mondal ( 1939 ). 

Silver. Agl 2; -(18) 4: linear. AgCN; West 1933a X. K[Ag(CN)g]: Hoard 1933. 
[Ag(NH,),],S04: Corey wid Wyckoff 1934 X. Cf. Elliott and Paulmg 1938 X. 

Agi 4. - (18) 8 : tetr. Agl: Bloch and MoUor 1931 X; Helmliolz 1935 X. (EtgAs -* 
Ag—^ 1 ) 4 : Mann, Wells and Purdie 1937 X; Wells 1936 a X. Cf Keteloar 1931 X; 
Hem and Reglor 1936 O; Cox, Wardlaw and Webster 1936 X. 

Agn 4: - (17) 8 : planar. Ag" pioolinate: Cox, Wardlaw and Webster 1936 X. 
Cvold. Aui 2: - (18) 4 : linear. [AuClg]~ 10 ns m CsgAuAuCl,: Elliott and Pauling 
1938 X. (Alkyl),P->-All—I: Mann, Wells and Purdie 1937 X 
Au 1 4: - (18) 8 : planar. K[Au(C!N)gA] (A = dipyridyl and phenanthrolme): Dothio, 
Llewellyn, Wardlaw and Welch 1939 X. 

Auni 4: - (16) 8 planar. KiAuBrg], 2H,0: Cox and Webster 1936 X. (AlkgAuBr)g 
and (AlkgAuCN)|. Burswoy, Qibson, Hampson and Powell 1937 X. Cf. Elliott and 
Pauling 1938 X; PhillijM and Powell 1939 X; Gibson 1939 . 

Group II 

Beryllium. Bo 11 4:(2) 8 :tetr. BeS,etc.:Goldschmidt 19260 X, 1927 X. M,[BeF 4 ]: 
Goldschmidt i 9266 ,rX; Zochnnosen 19266 X; Hultgren 1934 X. lBo(Ol 4 ) 4 ] 804 : 
Beevers and Lipson 1932 X. Dicholate Bo": Burgess and J.rf)wry 1924 O: Mills and 
Ootts 1926 O. BeF,: Brtuidenberger 1932 X; Warren and Hill 1934 X. 

Magnesium. Mgu 4: - (18) 8 : tetr. MgTo: Zochanasen 1927 X. 

Mgn 6 :-( 8 ) 12 : oct. [Mg(0H,),]8iF,: Hassel 1927 X; Hassel and Salvesen 1927 X. 
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Zinc. Znn 4 : - ( 18 ) 8: tetr. ZnS, etc.: Ooldsohmidt 1937 X; Zaohariasea 1926a X. 
Za(NHt)|Cl,: MaoQillavry and Bijvoet 1936 X. K|[Zn(CN)4]: Diokinaon 19336 X. 
Zn benzoyl-pyrotartrate: Mills and Qotta 1926 O. Of. Wyart 1926 X. 

Znu 6: - (18) 12; oct. [Zn(OU,)(lhal,: YU and Beevera 1936 X. Cf. PfeifiBsr and 
Quehl X931 0,1933 O. 

Cadmium. Cdu4: -(18)8: tetr. CdTe: Zaohariasen 1926a X. K*[Cd(CN)4]: 
Diokmson 19226 X. [Cd(ira,)4](Re04),‘ Pitzer 1935 X. 

Cdn6: -(18) 12: oot. [Cd(dipy)4]X,. etc.: Pfeiffer and Quehl 1931 O. 1932 O. 
Cf. Neogi and Mukheijee 1934 O. 

Mercury. Hgn 2 : - ( 18 ) 4 : linear. Mercurous: HggCli, HgiBr,, Hgtl,: Havighurst 
1935 X, 1926 X; Mark and Steinbach 1926 X; Huggins and MagiU 1927 X. Merounc 
HgCl„ HgBr,, Hgl,: Braekkon and Soholten 1934 X; Wehrli 1937 S; Braune and 
Knoke 1933 E, Cregg, Hampson, Jenkins, Jones and Sutton 1937 E; Braune fmd 
Linke 1935 D m vap. See also Hampson 1934 D. 

Hgii 4: -(18)8: tetr. HgS: Kolkmeijer, Bijvuet and Kansan 1924 X. Hg^e 
Zaohariasen 1926a X. Ag4[Hgl4]: Ketelaar 1931X. K4[Hg(CN)4]:Dickinson 19226X. 


Gboitp III 

Boron: always trivalent, (1) with 3-covaIent sextet as m BF,, (2) with 4-covalent 
“reduced octet" (stnotly 48/7 electrons) as in B^Hfi (3) with 4-covalont octet, as in 
M[BP4]. 

(1) Sextet (2) 6: flat, 120°. BF„ BCl,, BBr,, BiCH,),: Levy and Brookway 1937 E: 
Gregg, Hampson, Jenkins, Jones and Sutton 1937 E. BF(- Linke and Rohrmann 

1937 D. BCl,: XJlioh and Nespital 19316 D. Cf. Bailey, Hall and Thompson 1937 8, 
Zaohariasen 1934 X. 

(2) (2) 48/7: tetr. B,H,: Mark and Pohland 1935 X, Bauer 1937 E. 

(3) (2) 8; tetr. Borosalicylates; Boeeekon and Meulenhoff 1934 O. M[BF4]: Vor- 
Iftnder, Hollatz and Fischor 1932 Cr; Hoard and Blair 1935 X. Cf. Keggin 1933 X, 
1934 X; Klinkonberg and Ketelaar 1935 X; Zaohariasen 1937 X. 

Aluminium. Alin 4: -(8) 8: tetr. AIP, AIN, etc.: Pauling 1939, p. 165. AljCl,, 
Al,Br,- Palmer and Elliott 1938 E. 

Aim 6: - (8) 12: oot. Complex oxalate. Walil 1927a O. Catechol complex; Tread¬ 
well 1932 O. Na,AlF4: N4ray-Szabd and Sosv&n 1938 X. (NH4),A1F,: Pauling 
1924 X, Menzer 1930 X. 

Gallium. Gain 4: -(18)8; tetr. GaP, GaAs, GaSb: Pauling 1939, p. 165 X; 
Goldschmidt 1937 X. GaN: Juza and Hahn 1938 X. 

Gam 6: - (18) 12: oot. M,[Ga(C,04),]: Noogi and Dutt 1938 O. 

Indium. Inin 4: - (18) 8: tetr. InN: Juza and Hahn 1938 X. InSb: Pauling 1939, 
p. 16« X. 

Thallium. Tim 2. - (18) 4; linear. [T1(CH,),]T: Powell and Crowfoot 1934 X. 
Tim 4: -(18)8. tetr. Acotylaretunate (CH,),T1A- Cox, Shorter and Wardlaw 

1938 X Cf. Siclgvnck and Sutton 1930. 

Tim 6: (18) 12: tn-t. KjLTlCl,]. 2H,0- Hoard and Goldstein 19350 X. M.tTl.Cl,]: 

Powell and Wells 19356 X: Hoard and Uoldstem 19356 X. 

Til 4: -(18) (2)8: planar [Tl(S=C(NH,),)4]NO,- Cox, Shorter and Wardlaw 
1938 X. Phenanthroliiie complex, tTl(plien),]NO,: Wardlaw 1940 X unpublished. 



168 


N. V. Sidgwick and H. M. Powell 

Geoup IV 

Carbon. Civ 4: (2) 8 alwaya van’t HofT 1874 O. Diamond: Bragg, W. H. 
'and W. L. 1913 X; Bragg. W. H. 1931 X; Ehienberg 1926 X. Tetrahalides: Finbak 
and Haaaol 1937 X; Brookway and Wall 1934 E: Dogard, Pinrard and v.d. Grinteo 
1935 E and X-ray on vapour. 

Silicon. Siiv 4: - (8) 8: tetr. Si: Monchot 1922 X. a-quartz: Bragg, W. H. and 
Gibba 1925 X; Gibba 1926 X. 81S,: fiuBHom, Fischer anil Gruner 1935 X. SiF4, SiCl4: 
Brockway and Wall 1934 E 8il|: Hassel and Knngstad 1931 X. 81(0114)4: Brookway 
and Jenkins 1936 K. Si(C',H4)4- Giacomello 1938 X. SiHC'l,. Pirenne 1938, 1939 
X-ray on vapour; Hemptinno and Wouters 1936 8 Opt. activesilicanes, etc.: Kipping 
1907, 1908 O. 

81IV 6: - (8) 13. oct. M,[8 iF 4]: Ketelaar 1935 X- 

Germanium. Geiv 4. -(18)8: tetr. ArEtPrGeX. Schwartz and Lewinsohn 
1931 O. M4[Ge04]: Goldschmidt 1931 X. M"4[(j!eO]4. Schiitz 1936 X. GCH4: Steward 
and Nielsen 1935 8. Ge(CH4)4: Bns-kway and .Jenkins 1936 E GeCl4: Brockway 
1935 E. QeBr4. Kouaiilt 1938a E. <lel4. Kassel and Sandbo 1938 X. OoS,- Zaohari- 
asen 1936 X. Cf. Oeliischmidt 19260.^ X. 

GoIV 6: - (18) 13: oct. M4[(}eF4]: Wyckoff and Muller 1927 X; Koanl and Vincent 
>939 X- 

Tin. Sniv 4: - (18) 8: tetr Grey tm: Bijl and Kolkmcijor 1919 X. MeEtPrSnX: 
Pope and Peachey 1900 O 811(0114)4: Brookway and Jenkins 1936 E. Sn(C4H,)4: 
Giacomello 1938 X. 8nCl4- Brockway and Wall 1934 E. 8nl4: Hassel and Sandbo 
1938 X. 

Sniv 0' - (18) 13: oct. MjLSnCy: Dickinson 1922a X, Wyckoff and Corey 1929 X. 
MitSnBr,]: Ketelaar, Hiotdijk and v. Staveren 1937 X. M,[SnI,]: VVerker 1939 X. 
K,[8n(OH)4]. Wyckoff 19280 X. 

8nu 2: -(18) (2) 4; triangular. BnCl4, E in vafiour: Sutton and Lister 1940 un¬ 
published. 

Lead. Pbiv 4.-(18) 8: tetr. Pb<OH4)4. Brockway and Jenkins 1936 E. Pb(C,H,)4: 
George 1927 X; Giacomello 1938 X. 

Pbiv6. -(18) 13: oct. M,LPbCl,l: Wyckoff and Dennis 1926 X; Engel 1935 X. 
Na4[Pb(OH),J; Belliicci and Farraveuio 1906 Cr, Zocher 1920 Cr 

Pbii 2: - (18) (2) 4- triangular PbCl4. PbBr4; Powell and Tasker 1937 X, Sutton 
and Lister E m vapour 1940 unpublished. 

Pbii4: -(18) (2) 8: planar. K4[Pb(C404)4|, plumbous benzoylacetonate, etc.; 
Cox, Shorter and Wardlaw 1937 X. 

Titanium. Tiiv4: -(8)8: tetr. T1CI4: Wiorl 1930 K. TiBr4. T1I4: Hassel and 
Knngstad 1932 X. 

Tirv 6: - (8) 13. oct. MiLTiFf]: Hassel and Salvoson 1927 X, Zambomni 1930 X. 
CS4IT1CI4]: Engel 1935 X. Catechol complex M4rri(cat)4]: Rosenheim, Beibmann 
and Schendel 1931 O. 

Zirconium. Zriv 6: (8) 13: oct. Zn[ZrF,], 6H4O: Hassel and Salveson 1927 X. 

Rb4rZrCl4]: Engel 193s X. 

Znv 7: - (8) 14: K4[ZrF,]: Hampson and Pauling 1938 X (correcting Hassel and 
Mark 1924 X). 

Hafnium . Hfiv 6: - (8) 13: oct. {NH4)4HfF4: v. Hevesy 1927, p. 21. 

Hfiv 7: - (8) 14: (NH4)4HfF4: Ha^l and Mark 1924 X (same lattice as Zr salt). 
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Nitrogen* Nm 3: (2) 2, 6: pyramidai. NH,; Wright and Randall 1933 S (I-Red), 
Wataon 1927 D. N(CH,),: Brookway and Jenkins 1936 E; Steiger 1930, 1931 D. 
NH,(CH,): Thompson 1939 S. (CH,),N4(Urotropin)‘Diokmson and Raymond 1923 X, 
Qonell and Mark 1923 X; Wyokofif and Corey 1934 X. 

N V 4: (2) 8; tetr. NH, ion: first suggestion of tetrahedral form, van’t Hoff 1878; 
first optical resolution. Pope and Peachey 1899; final proof that it is not a square 
pyramid. Mills and Warren 1925 O. [N(CH,)4]hal: WyokofT 19286 X ->-0: 

Meisenheimer 1908 O. (CU,),N -vO* Lister and Sutton 1939 E. 

Phosphorus. Put 3: -(8) 2,6: pyramidal. White F: Maxwell, Uendrioks and 
Mosley 1935 E. Black P: Hultgron, Omgrich and Warren 1935 X; Clmgrich and 
Hultgren 1935 X P(CH,),: Sprmgall and Brookway 1938 E. POial),: Brockway and 
Wall 1934 E; Uregg et al. 1937 E. P«0,: Hatnpson and Stosick 1938 E. [PO,]-- : 
Zaohanasen 1931 X. 

Pv4: -(8)8: tetr. AlP, GaP- Goldschmidt 1927 X; Pauhng 1939, p. 166 X. 
MoEtPrP-^O: Meisenheimer and Liohtonstadt 1911 O. [PCl4]+ m solid PCI, and 
[PBr,l+ in solid PBr,: Powell, Clark and Wells 1940 X, Powell and Clark 1940 X. 
POF„ POCl,, etc.- Brookway and Beeich 1938E. PSP,: Stevenson and Russell 

1939 E. MIPO,F,]: Lango 1929 Cr. (NH4),PO,F: Goswomi 1937 Cr. [PO4]-; 

Helmholz 1936 X, cf. Koggin 1934 X. P4O4,: Hampson and Stoeirk 1938 E. P4O4S4: 
Stosick 1939 E. 

Pv 6: - (8) 10: trigonal bipyramid. PF,- Braune and Piiuiow 1937 E; Brockway 
and Beach 1938 E; Linke and Bohrmonn 1937 D. PCI,. Rouault 19386 E; Schotnaker 
(quoted by Pauling 1939) unpublished. Moureu, Magat and Weiroff 1937 S. PFtCn,: 
Brockway and Beach 1938. 

Pv 6. - (8) 12: oot. [PC1,1~ in solid PCI,: Powell, C!lark and Wells 1940 X. 
Arsenic. Asui 3: - (18) 2, 6. pyram. As,: Maxwell, Uendneks and Mosley 1935 E. 
Sohd As: Bradley 1924 X. A8(CH,),: Spnngall and Brookway 1938 E; Gregg et al 

1937 £; Yost and Sherborne 1934 S. AsBr,: Braokken 1935 X. M,[AsO,]; Zm-hariasen 
19310X. 

Asv 4- (18)8: tetr MoEtAsS-r,H4-COOH Mills and Raper 1923 O Et,As-> 
Cu—1. Wells 1936a X. (Mo,A8),PdBr,. Wells 19380 X. GaAs: Goldschmidt 1927 X. 
AgfAsO,. Wyckoff 1925 X. 

Aav6:-(18) 12:oct. Catechol complexes, M[Aa(cat),]. Rosenheim and Plato 1925O. 
Antimony. Sbin 3. - (18) 2, 6: pyram. SbCl,, 8bBr„ SbT,: Gregg et al. 1937 E. 
SbBr,: Braokken 1935 X. 8b404. Bozorth 1923 X, Buerger and Ifendncks 1937 E. 
M,[SbO,]: Zachonosen 19310 X. 

Sb V 4: - (18) 8: tetr. GaSb: Goldschmidt 1927 X. 

Sbv 6: - (18) 10: trg. bipyr. (CH,),8b(hal),: Wells 19386 X. 

Sbv0: -(18)12. oct. M[Sb(OH)4]: Beintema 1936 X. Na[SbF,]: Schrowelius 

1938 X. 

8b f 6: valency obscure, oot. MgtSbCI,] and M,[8bBr,l: Jensen 1937 X. 

Bismuth, Bim 3. - (18) 2, 6: pyram. BiCl„ BiBr,: Skinner and Sutton 19406 £. 
Biiii 0: - (18) (2) 12. out. Bi,0, y-form: Sillen 1938 X. 

Vanadium. V v 4: - (8) 8; tetr. VOCl,: Palmer 1938 E. Y[VO,|: Broeh 1933 X. 
Vm 6: - (10) 12: oot. (NH4),VF,; Fassermi and Pirani 19320 X. 

Niobium. Nb V 4: - (8) 8: tetr. YtNbO,]; Barth 1926 X. 

Nbv 5: - (8) 10: trig, bipyramid. NbCl,, NbBr,: Skinner and Sutton 1940a E. 

NbV 7: - (8) 14. K,[NbF,]: Hoard 1939 X. 

Tantalum: references arc identical with those for Nb. 
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Group VI 

Oxygen. On 2: (2) 4, 4: triang. H,0: Meckp and Baumann 1932 S; SOnger 1930 D. 
(CH,),0: SAngpr and Steiger 1929 D. Stoiger 1930 D. Zachanaaen and 

Mooney 1934 X. 

But On 2 seems to be aometimoa linear: Levi and Peyronol 1936 X. 

(8i,0,] ion. Qoesner A Mussgnug 1929; Zaehanasen 1930b. Criatobalite: Wyckoff 
I9a5»- 

Oiv 3 (2) 2, 6: prob. pyram. in Tl4(0 Alk^: Sidgwiok and Sutton 1930. 

Ovi 4:(2) S.tetr. 6046(000.CH,),:MorgannndBragg 1923 X. Zn40(000.CH,),: 
Wyart 1926 X. Also in all oxides with zinc blende or wurtzito structures. 

Sulphur. Su2:-(8)4, 4: triang. Bhombio 8: Warren and Burwell 1935 X. 
HjS: Paubng 1939. p. 72 8, Zahn and Mills 1928 D. (CHj),8 Brookway and Jenkins 
1936 K, Hunter and Partington 1932 D. Tritluouates; Zoohariason 1934b X. 

8 IV 3 -(8)2.6; pyram. MoEtS-CH,-COjH[.Y]: Pope and Peachey 1900b O. 
Sulphinic esters* Phillips 1923 O. Sulphoxidos; Harrison, Kenyon and Philhps 1926 O 
(SOj]"* Zachariason and Biiekley 1931 X. 

8 VI 4: - (8) 8; tetr. ZnS, C!d8, ote.; Paiilmg 1939 p. 163 X. Mjt804]: Taylor and 
Boyer 1927 X; Zachariason and Ziegler 1932 X.Bcoversand Lipson 1932 X. SO|(hal)(: 
Palmer 1938 E, Stevonson and Russell 1939 E. (CHa)|80|: Lister and Sutton 1939 E 
8 VI 6: - (8) 12 oct. SF,: Brockway and Pauling 1933 E. 

Selenium. Sen 2: -(18)4,4: triang. (CHy)t8e: Donzt'lot 1936 8. (0(H4)|8e: 
Bergmanu, Engel and Sandor 1930 D. 

Seiv 3. - (18) 2. 6: pyram MePhSe CH..CO,H[X]* Pope end NeviUe 1902 O 
M|[8eOj]: ZeKshanasen 1931 X. 

Sevi 4. - (18) 8: totr. ZnSo, CdSe, MgSo, B080, Pauling 1939, p 165 X. M,Se04 
isomorplioiiM with M,S04; Pollini 1909, 1910 Or; Patr>' 1936 X 
8evi 6 (18) 12: oct. SeF, Brockwavand Paulmg 1933 K. 

Soiv 6; (18) (2) 12; oct. M,r8eCl,j: Engel 1934 X. M/SeBr,]: Oarozzi 1924 Cr, 

Sieg 1932 X; Hoard and Dickinson 1933 X. 

Tellurium. Ten 2: - (IH) 4, 4: triang. (C'.H.ljTe. Berginoiui, Engid and SAndor 

1930 D* 

Terv 3* - (18) 2, 6; pyram. PhTolMeTe[X]* Lowry and (lilliort 1929 O. 

To VI 4: - GS) 8: totr. ZnTe, HgTe, CdTe. Zacliariasen 1926a X. M,Te04 isumor- 
phous with M,804: Pellmi 1909, 1910 Cr, Haiiunel 1936 X; Patry 1936 X. 

Tovi 6. - (18) 12. oct. TcF,: Broekway and Pauling 1933 E. Tp(OH),: Pauling 

193s X. 

Teiv 6: - (18) (2) 12: oct,. M,[TeCl,]: Natta and Pirani 1932 X. 

Chromium. Crvi 4. -(8)8: totr. M,[Cr04J: Zoohariasen and Ziegler 1931 X, 
Clouse 1932 X; Miller 1936, 1938 X. CrOyCl,: Palmor 1938 E. 

Crni8. -(11) 12: oct. lCr(en),Cl,]X: Werner i9MdO. K,fCr(C,04),]: Werner 
I9i2d O. [Cr(OH,)*]Cl4: Andress and Carpenter 1934 X. (NH4)4CVF4: Passermi and 
Piram 1932b X. K,[Cr(CN)(]: Gottfried and Nogelsclimidt 1930 X. 

CrO 6: - (14) 12: oct. Ci^CO),: Rudorff and Hofmann 1935 X; Broekway, Ewens 
and Lister 1938 E. 

Molybdenum. Muvi4: -(8)8. tetr. Ag|[Mo04]: Wyckoff 1922b X; Dickinson 
1920 X. 

Mo VI 6. - (8) 12: oct. MoF*: Braiinc and Pinnow 1937 E. MoOi groups in hetero- 
poly salts; Keggm 1934 X; Santos 1935 X. (NH4),[MoO,F,]: Paubng 1924 X. 

Mo V 6: - (9) 10: trig, bipyranud. MoCl,: Ewens and Lister 1938 E. 

Mo IV 8: - (10) 16; K4[Mo(CN),]; Hoard and Nordsieck 1939 X. 
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Mom 6; - (11) 13; oot. il,[MoCl,(OH,)]: Oaiobbi 1928 Cr. 

MoO 6; - (14) 13: oot. Mo(CO),: RiidorfFand Hofmann 1935 X; Brookway. Kwens 
and Lister 1938 E. 

Tungsten. W vi 4: - (8) 8; totr. CaWOt: Barth 1926 X. 

Wvi 6: - (8) 13: oot. WF,: Braune and Pmnow 1937 E. WCI«: Eweiw an«l Lister 

1938 E. WO| groups in hetero-poly acids: Kt^in 1934 X; Santos 1935 X. 

Win 6: - (11) 13: oot. i<i[W,CI,]‘ Brosset 1935, 1936 X. 

WO 6: - (14) 13: oot. W(CO),: RudorfFand Hofmann 1935 X: Biwkway, Ewens 
and Lister 1938 K. 

Uranium. U vi 6: - (8) 13: UF,: Bmuno and Pmnow 1937 E. 

Groiti* VII 

Fluorine. Polymerised HF, gas and solid, has b«‘nt cliains F--H--F H--F- H 
with F angle ca 140°: Bauer, Boach and Simons 1939 E; Gunther, Holz anil Strunz 

1939 E. 

Chlorine. CIO,. 2.i/3 valcnoy electrons: triang. Sutton and Brookway 1935 K. 
Clm 2: -(8) 4. 4: triang. M[CiO,l: Lovi and Sohenllo 1931 X Cl in (PdCl,),. 
Wells 1938 X. 

C!1 V 3: - (8) 2, 6: pyramid M[CiO,l: Zaoliariason 19316 X. 

C!1 vn 4. - (8) 8: totr. M(C104]- Bussem and Hermann 1928 X. Zaeliariascn 1930 X; 
Gottfnod and Scliustcniis 1933 X 

Bromine. Brin 2. - (18) 4, 4- triang. (Alk,AuBr),' Burawoy, Gibson, Hampson 
and Powell 1937 X 

Brv 3: - (18) 2, 6* pyramid. M[BrO,]- Zaoliariasen 1931a X. 

Iodine. Iv 3. - (18) 2, 6. pyramidal. (Mo^iVs-^Cu—I),* Mana, Purtiie and Wells 
1936 X, Wells 1937 X. 

Ivii4: -(18)8. totr. M^O,]. Kirkpatrick and Dickinson 1926 X; Hylleraas 
1926 X. 

Ivu 6- (18) 13. oct. (NH4),H,(IO,): Holmliok 1937 X. 

• lur 2: (18) (2) 4, 4: lmc<ar CW[ICI,]: WyckofF 1920 X; Hassol 1931 X. NHifT,): 

Mooney 19350 X. M[Cl-l-Brl: Mooney 19356 X. 1938a X, 1939 X. 

Iv S. - (18) (2) 10: IF,: ]>ositionH iinoertam: Braune and Pmnow 1937 R. 

Iin 4: - (18) (4) 8; planar. M[ICl4]: Mooney 19386 X. 

Manganese. Mnvxi 4- - (8) 8: tetr. M[MnO,|: Basclie and Mark 1926 X. Mooney 
193> X. 

Mnvi 4. (9) 8. M,[Mn04|. Cox, Shorter, Wurdlaw and Way 1937 X. 

Mnu 4 - (IS) 8: (A) planar, (B) totr. A. Planar: py,MnCl,; Cox, Shorter, Wardlaw 
and Way 1937 X. K,S04, [Mn(0H,)4]S04: Anspach 1939 X. B Tetr MnSe: Barom 
1938 X. 

Mnn6: -(13)13: oct. [Mn(NH,],]X,: Bodtker-Naesa and Hasscl 1933a X. 
[Mn(OH))]SiF,: Hassol 1927 X; Hassel and Salvosen 1927 X. 

Rhenium. Ro VII 4: - (8) 8' totr. MCReO,]. Broch 1929 X; Jat<ger and Beintema 
1933 X; Pitzer 1935 X; Beintema 1937 X. 

Re VI 4: - (0) 8: tetr. M,[Ri04] Noddaoks 1933 Cr. 

Group VIII 

Iron. Feiv 7: - (12) 14. Fe,((X)),: Powell and Ewens 1939 X. 

Fern 6: -(13) 13: oct. M,[Fe(C,04),]- Thomas 1921 X. KJFe(CN),]- Gottfned 
and Nagolsohmidt 1930 X, Keggin and Miles 1936 X. (XH4),[FeF,]: Pauhng 1924 X. 
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Fell 6: - ( 14 } 12 : act. [Tri-tlipyndyl FeJX,; Wemer 1912* O. 

Bddtker-Naosa and Haasel 1933a X. Mt[Fe(CN),]: BriU and Mark 1928 X; KegRin 
and Miles 1936 X. M.'M"[Fe(NO,),J: Oambi and Ferrari 1935 X. 

FoO 6 ; - ( 16 ) 10: tng. bipyramid. Fe(CO),: Ewens and Lister 1939 E. 

Fe -II 4 : - ( 18 ) 8: tetr. Fo(CO),(NO),: Brookway and Anderson 1937 E. Fe(CO), 
(COH),: Ewens and Lister 1939 E. 

Cobalt. Com 6 : (14) 13: oot. [Co(«n),(NH,)Cl]X,: Werner 19110O. [Co(en),, 

(NO,),]A': Werner 19116 0. [Co(en),(NO,)Cl]X- Werner 1911c O. [Co(en),JX,: 
Wemer 19110 O, 19120 O. M,rCo(C,04),]: Jaefier 1919 O. M[Co(NH,),(NO,)g(Cj04)]: 
Thomas 1923 O. [Co(NH4),]X4: Wyokoff and McCutcheon 1927 X; Wyckoff, Hon- 
dnoks and MoCutchixin 1927 X; Haasel 1928 X Ag[Co(NH|),(NOi)4]: Wells 19366 X. 

Coil 4. -(16) 8: (A) planar, (B) tetr. A. Planar. Co(py),Clj. Hantzsoh 1927 I; 
Cox, Shorter, Wordlaw and Way 1937 X. B. Tetr. M,[CoCl4](Cl). Powell and WoIIh 
19350 X; Knahnan and Mookhorji 1937 Magnetio. 

Con 6-- (15) 13- oot. [Co(NH,)4]a.-Stoll 1926 X. [Co(OH.),]8iF,: Hassel 1927 X; 
Hassel and Salvesen 1927 X. 

Co-i 4: - (18) 8: totr. C«(CO)gNO.Brockway and Anderson 1937 E. Co(CO),COH 
Ewens and Lister 1939 E. 

Nickel. Niii 4: - (16) 8: planar. Glyoximo oompoimds. Sugdon 1932 I. See also 
Cox, Finkard, Wardlaw and Webster 1935 X; Cox, Wardlaw and Webster 1935 X. 

Niu 6: - (16) 13- oot. rNi(dipy)4]X4: Morgan and Buistall 1931 O. [Ni(NH,)4lX|: 
Wyckoff 1922a X, Bodtker-Naess and Hassel 19336 X. |Ni(OH,),]SiF,: Hassid 
1927 X; Hassel and Salvesen 1927 X. Ba,[Ni(NO,),]: Forran and Curti 1933 X. 

NiO 4: - (18) 8: tetr. Ni(C0)4* Brockway and Cross 1935 E; Bailey and Gordon 
1938 8. 

Ruthenium. Kuiv6' -(12)13: oi't. K,fRuCl 4 ]- Howe 19040; Howe and 
Haynes 1925 Cr. 

Rum 6- - (13) 13* oot. AcetonyleKmtonate RiiA,. Barbien 1914 Cr. 

Rune: -(14) 13. oot. K[Ru(C404),(N0)pyJ: Charronat 1924 O. [Ru(dipy).]X,: 
Burstall 1936 O. See also Koggin and Milos 1936 X. • 

Rhodium. Rhui 6- - (14) 13. oot. [Rh(en)4]X4: Wemer 1912c O. Cf. Jaeger and 
Blumendol 1928 O, Mann 1933 O. M4[Rh(C,04),]: Wemer 1914 O. M4[Rh(N0|),]: 
Ferrari and Colla 19336 X. [Rh(NH,)4Cl]”: West 19356 X. 

Palladium. Pdrv 6: - (14) 13; oot. Bb([PdBr,]: Scherrer and Stoll 1922 X. 

Pd IT 4: - (16) 8; planar. PdO: Lundo 1927 X. PdS: Gaskell 1937 X. PdCli; Wells 
19380 X. (Me,As),Pd,Br,; Mann and Wells 1938 X, Wells 1938a X. (Me,S),PdC^,: 
Cox, Saenger and Wardlaw 1934 X. Aeotylooetonate PdA|: Bcu-bion 1914 Cr. 
[Pd(NH,)4]Cl,: Cox and Preston 1933 X; Dickinson 1934 X. K.LPtlClj]: Dickinson 
19226 X; Cox and Proston 1933 X, Theilooker 1937 X. Complex dithio-ozalatc: 
Cox, Wardlaw and Webster 1935 X. Proof of planar stmoturo by optical activity: 
Lidstone and Mills 1939 O. CT also in general Jensen 1939. 

Osmium. Os VIII 4: - (8) 8: tetr. OSO4: Brockway 1936 E; Langsoth and Qviller 
1934 S. K[C)80,N]: Jaeger and Zonstra 1932 X 
OsVI 6; -(10) 13: oct. M,[0s0.a4]: Verhulst 1933 X. M,(0sNCl,]: Hoard and 
Grenko 1934 X. 

Osiv 6: - (12) 13: oct. MilOsCI,}, M([OsBr4]: McCullough 1936 X. 

Iridium. Iriv 6- - (13) 13- oct. [Ir(py)iCl4]®: Dolepino 1922 Cr, I. K4[lr(C,04)|]: 
Dolopine 1917 O. 
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IrniO: -(14) 12: oot. M,[Ir(0,04)1]: Delopine 1914 O. [IiKen),]^,; Womer and 
Smirnoff 1920 O. M.IliKCN),]: Gottfried and Nagelaohmidt 1930 X. Mj^i^NO,),]: 
Ferrari and CoUa 19330 X. 

Platinum. Ftiv 4: - (14) 8: tetr. Pt(CU,)4Cl: Cox and Wetwter 1935b X. 

Ptiv6: -(14)12: oot. [Pt(en),JX'4: Wemer 1917 O. MjCPtCl,]: Wyckoff and 
Poenjak 1921 X; Soherrer and Stoll 192a X. 

Ptn4: -(16) 8; planeu': flrat suggested by Wemer 1893 1* supported by dipole 
moments, Jensen 1936 O: for answer to objections see Jensen tgjg. PtS: Bannister 
1932 X. KttPtCl,]: Dickinson 1922b X. KjrBMCN),]: Brasseur and do Rasaenfosse 
1938 X. [Pt(NH4)4]CI,: Cox 1932 X; Dickinson 1934 X. Stereochemical proof of 
plane structure. Mills and Quiboll 1935 O 
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The wave form of atmospherics at night 

By B. F. j. Schonland, P.R.S., J. S. Ei.dkr, D. B. Hodors, 
W. E. Pkiluph, and j. W. van Wyk 

{Received 6 Febrvary 1940) 

[Plates I -3] 

The wave form of all atnio^herios received at niglit from aouroes within 
2000 km. can bo aocuratoly described as a ground pulse followed by a senes 
of sky pulses produced by successive reflexions between the ionosphere and 
the earth, thirty such reflexions being frequently recorded. The tune separa¬ 
tion between the peaks of these pulses is determinod by tho distance 
travelled and the height of the layer. The primary pulse omitted by the 
source is usually a single complete oscillation of period ranging from 60 to 
400/(seo. At distances greater than 600 km. the ground pulse and the first 
sky pulse merge owing to tho shortness of the tune interval between them. 
Difiinrenoes of amplitude, form and phase between pulses can arise from 
differences in angle of emission from the parent lightning channel. 

The height of the reflecting layer can be determmed withm ± 1 km. It 
ranged from 86 6 to 60-6 km. during two winter months, with a mean of 
88-0 km. 

The distances of the aouroes as found by analysis of the pulse senes were 
corroborated by independent location with cathode-ray direction-finders. 
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The reflexion ooeffloient of the layer for the pulses of longer period ex¬ 
ceeded 0*80. 

The velocity of the ground pulae where it can be tested is within 0'7 % of 
that of light. 


1 . Inteoduotion 

This paper gives an account of an investigation of the wave form of 
atmospherics received during the night hours and discusses the interpreta¬ 
tion of the records obtained. 

Two recent studies of atmospherics, largely concerned with wave forms 
observed by day, have been made by Lutkin m England (1939) and Laby, 
McNeill, Nicholls and Nickson (1940) in Australia. The Australian workers 
originally suggested (Laby, Nicholls, Nickson and Webster 1937) that the 
structure of the “high-frequency “ portion of an atmospheric, which by day 
appears as a damped wave train of gradually increasing wave-length, arises 
from multiple ionospheric reflexions of a single and simple “ pulse ’’ of short 
duration. In their later and fuller communication (Laby cf al. 1940) they 
consider that this explanation cannot well be fitted to the majority of day¬ 
light fonns without the assumption that the first five half-iieriods arise 
directly fixim the parent lightning discharge. 

Lutkin (1939) considers that the whole of the daylight wave form arises 
from oscillations and multiple discharges in the lightning channel. 

The effect of a lightning discharge should, however, be to radiate a single 
oscillation of the short pulse-like form originally suggested by Laby and his 
collaborators, and the regular variation with distance of the “ wave-lengths “ 
observed in the day forms, first established by Watson-Watt, Herd and 
Lutkin (1937), definitely suggests that all peaks on the wave form subsequent 
to the first arise from a proi>6igation mechanism. 

It is here shown that the forms taken by all atmospherics at night arise 
from a simple direct pulse followed by a senes of ionospheric reflexions, as 
was suggested by the Australian workers in their first communication 
(Laby 1937). 


2 . Method of observation 

The observations were made in Johannesburg in 1938 and 1930 at the 
Bernard Price Institute and in Durban at the Natal University College, each 
of which was provided with equipment for the recording of wave form 
and for the direction-finding of sources of atmosphencs. The cathode-ray 
direction-finders were employed to find the distance travelled by the 
atmospherics examined. 
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(a) Aerial, amplifying and recording equipmetU 
This equipment followed closely upon the lines developed by Appleton, 
Watson-Watt and Herd (1926). A paraphase amplifier, preceded by a single 
triode stage, was employed in Johannesburg. The amplifying equipment in 
Durban was of the type described by Webster (1937). 

The oscillographs used were vacuum-focused tubes (Cossor Types 3276 
and 3278 ), and records were made upon paper or film carried on revolving 
drums with an axial traverse of 1/10mm. per rev. (Lutkin 1937). 

The peripheral velocities used were 7-7 x 10* and 3-3 x 10*om./8ec., in 
Johannesburg and Durban respectively. These were maintained very con¬ 
stant during each run by the use of constant-speed motors and stroboscopic 
disks. Good recording could bo carried out at much higher film speeds. The 
use of the devices discussed under (6) and (c) allowed us to run the same film 
a number of times. 


{b) Automatic brillutncy control 

For satisfactory ojieration of the traversing drum method of recording, 
steps must be taken to avoid the troublesome fogging of the film produced 
by the stationary sfwt on the oscillograph and by the general fluorescence 
of the screen One method used by us was to reduce both spot bnlhancy and 
the background fluorescence to a low value and to control the brilliancy 
automatically by the transient atmospheric itself. A circuit for this purpose 
was suggested by one of us to Messrs A C. Cossor, Ltd., and developed by 
them as an automatic brilliancy control. In this device the iwtential of the 
modulating cylinder of the cathode-ray tube is controlled by the rate of 
change of the potential difference, E, applied to the deflecting plates, the 
cylinder receiving an additional positive potential proportional to the 
numerical value of dEjdt. 

(c) Anticipatory leader triggering 

A second method of avoiding the effect of the stationary spot and at the 
same time securing extremely high brilliancy during the jiassage of an 
atmospheric was developed from the anticipatory switching trigger em¬ 
ployed in Johannesburg fur the photography of lightning in daylight (Schon- 
land 1938). This trigger is operated by the rapid train of pulses arising from 
the stepped-leader process and is connected to the separate trigger unit in the 
oscillograph in such a way as to raise the spot brilliancy from zero to a high 
value during the early part of the leader disturbance, in anticipation of the 
main wave fonn. The triggered brilliancy used can be extremely high. 



183 


The wave form of aimospherics ai night 

enough to burn the screen badly if maintained for long, and it was arranged 
to be ‘on’ for about 1/50 sec., sufficiently long to cover the recording of the 
main wave form. The advantage of anticipatory triggering is that it ensures 
good recording of the smallest disturbances at the start of the main wave 
form. Cloud discharges were similarly triggered and recorded for a con¬ 
siderable fraction of their duration. All the records reproduced in this paper 
were obtained with this device, which can be operated by atmospherics from 
storms at a distance exceeding 3000 km. ‘Subsequent stroke’ wave forms, 
since they usually have no leader process preceding them, do not operate the 
trigger. These were recorded with the automatic brilliancy device described 
under (6) above. 

(d) Locaiton of sources of atmosjiherics and avUonuUtc marking 
Individual wave forms were marked automatically, in such a way as to 
identify the storm centre from which they came. 'The two direction-finders 
were first operated, with trunk telephone communication between the 
stations, for a sufficient time to allow of the fixing of the positions of all 
sources of atmospherics within 2000 miles. 'Ihe screen of the direction-finder 
tube in Johannesburg was then fitted with a metal cover m which was an 
adjustable slit which could lie set to a particular bearing. When the spot of 
the direction-finding tube moved out along this bearing as a result of the 
arrival of an atmospheric from a particular source, light passed through the 
slit and fell upon a photoelectric cell, which then switched on an argon-filled 
gas relay valve. The pulse of current from this valve passed via a condenser 
C through a low resistance R in the aerial circuit of the wave-form equipment 
and defiected the 8i»ot for a time set by the product CR. A suitable adjust¬ 
ment of the circuit placed this marking deflexion immediately after the 
record of the wave form of the atmospheric which operated the direction- 
finding equipment. All wave-form records followed by the characteristic 
mark were then known to have arisen from atmospherics with the direction 
of arrival originally selected, and hence from a known storm centre. After 
one such source had given a sufficient number of atmospherics, the slit on the 
direction-finder was rotated to select another and a second run was taken on 
another film. If the origmal intersections showed that the Johannesburg 
beaniig ran through more than one storm centre, this bearing was not used. 

(e) Recording of wave forms of the same cUmospheric at two stations, 
with position of the parent storm 

A system of marking by hand was employed to identify the records of the 
same atmospheric at both Johannesburg and Durban. A series of short 
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pulses, from 1 to 10 in number, could be passed through the resistance JR 
mentioned in (d) by operating a standard telephone call dial, the brilliancy 
trigger coming into action at the same instant. The operators of the two 
wave-form instruments were in telephonic communication, and an atmo¬ 
spheric which triggered the oscillographs at both stations was marked by 
them with the same munber. Two more observers, listening on the same 
telephone line, watched the compass dials of the direction-finders at the 
two stations and recorded the directions of arrival corresponding to eacli 
marked atmospheric A check-up afterwards gave the position of the storm 
centre responsible for each marked wave form. 

(/) Accuracy of measurement 

The time intervals on the wave forms were measured by means of a 
micrometer eyepiece to the nearest 0-02 mm. With the speeds employed in 
the camera the time intervals on good records could thus be measured with 
maximum errors of ± 6/«jec in Johannesburg and + 12/U8ec. in Durban. 


3 . (iKNBRAL DISCUSSION OF RESULTS 

If the radiation field from a lightning discharge is of a simple character, 
restricted to one complete cycle of field change, which for brevity will be 
referred to as a ‘ pulse ’, the resultant atmospheric wave form should consist 
of a ground or direct pulse (O) followed by a series of reflected pulses, 
»Si, )Sj,.. , iS„ (Laby et al. 1940). The first sky pulse, S^, will have undergone 
a single refiexion at the ionosphere, and the nth sky pulse, n reflexions at 
the ionosphere and n - 1 at the ground. This series is in fact the characteristic 
form observed by us at night. Examples of the two main types and N^, 
most of which from their amplitude and from the presence of a leader pre¬ 
cursor we associate with discharges to ground, are shown in figures 1 and 2. 
These are drawn from the original records, examples of which are reproduced 
in plates 1,2, figures 3 - 5 . In the forms all the sky pulses are separated by 
quiet intervals, but in the forms they merge into one another in the early 
part of the series, since the primary disturbance has a duration comparable 
with the pulse separation. 

If is the time elapsing between the arrival of the O pulse and that of the 
Tith sky pulse, 8 ^, 

ct„ = -/ 4 n*A* +d*(l+ hJR) - d, (1) 

where c is the velocity of the pulses, the effective he^ht of reflexion for 
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the nth sky pulse, d the great-circle distance of the source, and B the radius 
of the earth (Laby et at. 1940). 

This expression allows for the curvature of the earth and the oonoentrio 
reflecting layer, tising an approximation which is valid up to the greatest 



0-001 »»• 
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distance (3000 km.) employed in our work. It fails, however, to hold for 8 i 
after a critical distance d for which this sky pulse must leave and return to 
the earth tangentially. This distance is 2130 km. for h <= 00 km., and 1740 km. 
for ■■ 60 km. For distances greater than these the first sky pulse can only 
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reach the receiver as a ground pulse travelling along the surface of the earth. 
Tangential oases for higher orders than the first ocovu* at distances which lie 
outside our observational range. 



—-— 





Fiovrb 2 

It is assumed in equation (1) that c is the same for all the pulses in the series. 
The simplest method of analysing the data is to suppose initially that this is 
the case and further that is the same for all values of n. 

The set of wave forms shown in figure 6 as tracings and reproduced in 
plate 2 , figure 7 serves as an initial tost of these assumptions and of the truth 
of equation ( 1 ). All six wave forms were recorded between 9 . 3 U and 9.32 p.m. 
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on 10 May 1939 . It will be seen from the figure and from table 1 that the 
values of are practically identical from one atmospheric to the next. Their 
means are shown in the penultimate line of the table and the calculated 
values from equation (1) (with h made 
equal to 88-7 km. and d to 204 km., c 
being taken as 3 x 10 **>cm./ 8 eo.) are 
shown in the last line. The error of 
measurement is S/isec , and the close 
agreement of observed and calculated 
values is evidence for the constancy of 
h and c in this case. 

It will be seen from figure 6 that 
except in the case of atmospheric (/) the 
ground pulse is the largest of the series. 

In all cases, as would be expected, the 
amplitudes of successive sky pulses 
follow a diminishing series, though this 

series is not the same for each atmo- _ 

,phenc(§6), p,ov<.>e 

Before discussing other tests of equa¬ 
tion (1) and the forma illustrated m figures 1 and 2 it is necessary to 
pomt out that atmospherics (6) to (e) of figure 1 show a very important 
feature, which occurs at distances of the order of 400-500 km. This is the 
meiging of 0 and Si into one complex pulse, the early stages of which are 
illustrated by (a), (6) and (c) of figure 1 . This effect, whose cause is discussed 
in § 10, makes it impossible to use the t values of equation (1) directly, 
since the 0 pulse from which they are measured is not clearly distinguish¬ 
able. We employ instead an expression for the intervals r^, Tj, . ,t„ 
between successive sky pulses, where 

= ««-<«-! = ,jlin*h* + d'(l + h/R)]-^[ 4 {n-l)*h' + d'{l+hJR)l ( 2 ) 

Some examples of the application of this expression as a test of the theory 
are shown in table 2 . The table includes calculated values based on the same 
assumptions as regards h and c as before, and the agreement is again ex¬ 
tremely good. 

The examples in tables 1 and 2 show that with two parameters h and d, 
the first of which has practically the same value ( 88-5 km.) in all oases, the 
reflexion theory accounts satisfactonly for the whole of the wave form of 
a night atmospheric. The distance d in a number of cases can be confirmed 
by the use of direction-finders (§ 9 ). We have examined more than 200 such 
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wave forms, all of which give the pulse series represented by equation (1). 
The values of h have been accurately found in sixty-six cases and are dis¬ 
cussed in § 5 . 

Tabm: 1 

{CX 40, figures 6 and 7), h = 88’7 km., d = 204 km. 

Time of amval after G pulse, in /laec. 

Atmoephono 

40i 227 

40a 233 

40, 232 

40a 232 

40, 210 

Means observed 229 

Calculated intervals 226 

Table 2 

Separation between pulses in uaoo. 

Atmo- _* _ 

spheric h(km,) d(km.) r, t, t, t, t, t, t, t, 

89, 8 89 0 700 Obs • • 313 386 442 484 602 621 

Calc 88 209 313 392 441 480 607 621 

00,. X 89 0 700 Obs. * 213 309 391 436 478 607 621 

Calc. 88 209 313 302 441 480 607 621 

102„, a 88-6 370 Obs. 140 330 460 606 — — -- — 

Calc. 143 338 440 600 — — — — 

101,2 88 6 720 Obs. * 200 306 386 436 460 - — 

Calc. 89 202 304 376 436 476 — — 

101,!/ 88 6 926 Obs. • • 276 326 386 — 

Calc. 78 162 266 320 386 — — — 

* Pulse too broad to measure those mtervals accurately. 

The last three examples, {h), {j) and {k) of figure 2, are judged from their 
small amplitudes with high amplifier gain and from the small time intervals 
between pulses to have travelled distances exceeding 2600 km., a conclusion 
supported by direction-finding tests made at the time such records were 
obtained. The detailed discussions of such forms will not be attempted here. 

Many of the Nf wave forms in figure 2 continue the series of reflected 
pulses beyond the limits of the drawing, which would have to be very large 
to include the whole series. One such example with reflexions up to the 40 th 
order is sketched in figure 8. The original record, with others of the same 
type, is reproduced in plate 3 , figure 9 . It is not at all unusual to find twenty 


680 — — — 

691 1223 1783 2366 

684 1226 1780 2349 

682 1219 1782 — 

680 1211 - — 

683 1222 1782 2362 

687 1221 1782 2366 
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to thirty pulses on these records. The time intervals between pulses become 
nearly constant towards the end of the series and tend asymptotically in all 
oases to a value close to 600/taec (§4c). This interval corresponds to re¬ 
flexions of such high order that the sky pulses strike the layer at nearly 
vertical incidence. For example, with d = 900 km. the distance between two 
ground reflexions for the 30th order is 30 km., and the angle of incidence at 
the ionosphere is 9-6° if A = 90 km. The limitmg value of the time interval is 
clearly 2 A/c, and for the above value of 600/tsec. these high-order pulses 
would yield h « 90 km., close to the values found in tables 1, 2 and 3 (§4) 
for the low-order reflexions. 

— ^ - 

- *-M ___Jut_ 


k'lflURK 8 

This type of wave form was first recorded by Burton and Boardman ( 1933 ) 
in their investigations of atmospheric disturbances on cable and telephone 
lines. They jiut forward the same explanation of their origin as has been 
given here, and with Barkhausen ( 1930 ) must be credited with the original 
discovery of the reflexion mechanism. They showed that such wave forms 
were responsible for a characteristic audible disturbance on cable lines, 
known as a ‘tweek’, whose pitch falls rapidly to a final constant value, 
1660 cyc./sec., corresponding to a pulse interval of 005/wee. 


4 . Skpabatb detbemination or k and d 

The application of equations ( 1 ) or ( 2 ) to the large number of wave forms 
available is tedious and not in itself always sufficiently accurate for a com¬ 
plete test of the reflexion theory. A simpler and more accurate test is to 
derive the value of h from different parts of the same wave form and to com¬ 
pare the results. 

(a) Determination of h 

Owing to the merging of the O and pulses discussed in § 3 , it is con¬ 
venient to use an expression for h into which the i values for the sky pulses 
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do not enter. If tp, and are the times of arrival of the pth, 9 th and rth sky 
pulses, and if — =» — t„ itis easily shown from equation (1) that 


C / riX T, X(Ti+ T,) _ 

2 V (r*-7*)T,-(9*-p*)T,’ 


( 3 ) 


This expression does not contain the distance d. If the pulses p, q and r are 
chosen so as to be separated by large time intervals, the measurements of 
Tj and r, and the value of h derived from them can be arranged to have a 
small percentage error. 

It is assumed in the derivation of (3) that h is the same for all the three 
pulses making up the triad p, q and r, so that if h varies the value obtained 
is a mean over the triad. By choosing two sets of triads in the same atmo¬ 
spheric we can test whether h alters as we pass from lower to higher orders. 
Some tests of this kind are shown in table 3. The limits of accuracy shown 
are maximum possible errors arising from errors of measurement. 


Tablk 3 . Test fob constancy of h by trud formula 


Dwtanoe 


Atmosphenc 

(km.) 

Tnml 

A (km ) 

IViml 

A (km.) j 

Moon A 

90. 2x 

700 

1 -4-7 

89 6±1 6 

4-7-10 

87 0±12 1 

88-2 ±1 4 

89, 7 

036 

1-3-6 

872±36 

3-6-7 

89-9±14 j 

88-6±2 4 

89, IR 

700 

1-3-6 

930 ±1 1 

6-7-9 

91 3 ±1-7 i 

92-2 ±1-4 

104, 1 

480 

1-3-6 

920 ±40 

6-7-9 

91*7±2 0 1 

91 8±3 0 

109, 8 

700 

2-4- 7 

829±40 

4-7 10 

87 4±16 1 

86 6 ± 2-7 

113, 8 

2700 

20-30-39 

888±20 

26-30-40 

88-7 ±07 

88 7± 1'3 

Unweighted 



88 8 


89 3 



inoaiiH 


The results in table 3 indicate that h is sensibly constant for each pair of 
triads, since the difference in h in each case is within the possible error of this 
quantity. Further, the unweighted mean of h from the earlier triads (column 
4), 88 - 8 km , is very close to that from the later ones (column 6 ), 89-3 km. 

The constancy of h with increasing order is to be interpreted as a con¬ 
stancy of h with decreasing angle of incidence on the ionospheric reflexion 
layer and is evidence for specular reflexion of the pulses. For the first order 
of atmospheric 104,1 in table 3 this angle is 70°, while for the 46th order of 
atmospheric 113,8 it is 18° 30'. 

The triad formula frequently srields values of h which have an error of less 
than 1 km. The separations of the triads shown in the table have been chosen 
so as to allow of two determinations of A in each case, and thus involve 
larger errors. 
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(6) The determination of d 

Having determined h by the above method we can derive the distance d 
in a number of ways. The most ewcurate of these t^ain employs the interval, 
r, between two widely separated sky pulses, the pth and the qih where 
T = tg — tp. It is easily shown that 

d*[l + hlR) = (4) 

As an example we may take the case of atmospheric 89,7, for which the 
mean value of h (table 3) is 88-5 ± 2 km Forp and q equal to 2 and 4 equation 
(4) gives d = 620 km , while forp and q equal to 5 and 7 it gives d = 640 km. 

A simpler method of finding d and of checking the series is to make use 
of a set of curves giving the values of t = — <„ for the first six terms of 

equation (2) with various values of h and d. The correct values of these 
parameters are then obtained by interpolation. 


(c) h and d from high-order reflected pulses 


When n is large, t„ — approaches 2hjc asymptotically, according to the 
relation 




4An(n-l) ' 


(S) 





FinuBK 10 
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If r is plotted against l/n(n—l) the intercept with the r axis yields 2A/c 
and hence A, c being taken as the velocity of light. When n is large equation 
(6) gives a straight line, of slope tan"^[—d*(l +A//?)/4Ac]. Substitution in 
this expression of the value of A determined from the intercept yields the 
distance d. 

Figure 10 shows four curves in which is plotted against l/n(n— 1). 

The intercepts yield values of A varying from 88-6 to 91 km. The veuiation in 
slope of the linear parts of the curves with distance is evident. These slopes 
yield the values of d shown in the figure, which range from 1300 to 4600km. 

Figure 10 shows that the linear part of such a curve is much reduced in 
extent as d increases. This is because equation (4) depends upon an approxi¬ 
mation which for larger values of d requires larger values of n. 


6. Thm height of the bkflkctino region at night 

The Ni and AT, ty()es of wave form and the cloud-discharge wave forms of 
type Ai (§ 8) are not observed by us in the daytime. As noted by Burton and 
Boardman in the case of ‘twoeks’, these forms appear at sunset and dis¬ 
appear immediately after sunrise, when they are replaced by distinctly 
different day wave forms. 

When the night wave forms are analysed by the tnad formula for the value 
of the height A of the reflecting layer, it is found that A is remarkably con¬ 
stant Some examples of values obtained from individual atmospherics 
recorded during the same runs are given in table 4. 

Table 4. VAnrE.s of A from different atmospherics 

RECORDED IN THE .SAME BUN 
Time and date 


Atmospheric 

of run 

h (km.) 

Moan h (km.) 

104, 1 

01 00 hr 

91 8±20 

91 6±2 0 

104, 2 

28. VII. 39 

91-6±2 0 


114, 7 

OSOOlir 

84-4 ±20 


114, 8 

27. vu. 39 

84 6 ±2 0 

86 6±2 0 

114, j: 


87 0 ±2-4 


114, 5 


86-2 ±1-2 


116, 6 

06.30 hr. 

84 9 ±1-2 


116, a; 

27. vu. 39 

86 3 ± 3 0 

86 6 ±10 

116, 4 


86-6±10 



Our night observations extended over a period of two months, from 
19 May to 29 July 1939, during the Southern winter. The values of A found 
during this period are shown in figure 11. All values found during a single 
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run of a few minutes have been combined to give a mean, as in the last 
column of table 4 above. The data plotted in figure 1 1 are derived from 
sixty-six individual atmospherics. 

On two nights, as shown by the symbols in the figure, observations were 
made at regular intervals firom sunset to sunrise. The results plotted in the 
figure refer to observations made both in Johannesburg and Durban, whose 
values of h show no significant difference. 



From 9pm. to Sa.in. the value of A is fairly constant over the whole 
period, ranging from 86-6 to 90 6 km. with a moan of 88-0 km. There is 
evidence of a maximum at 1 a.m with lower values in the early evening and 
of a fall towards sunrise. Burton and Boardman, from their observations of 
‘tweeks’, have reported values for h ranging from 83-6 to 93*2km. during 
the hours of complete darkness, together with lower heights at sunset and 
sunrise. Three night values arc given by Laby and his collaborators ( 1940 ), 
80-5, 81 and 83km. 

0. The belative phase, form and amplitude of 

THE PULSES IN THE WAVE-KOEM SERIES 

Though the pulses which make up the wave-form series all arise from the 
same lightning channel, the following (Kinsiderations show that they are not 
necessarily all identical in form or ‘ phase ’. 

If the radiation from the original channel is regarded as emitted from a 
series of linear channel elements, one above the other and each inclined at a 
different angle to the horizontal, the observed pulse will be the resultant of 
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the summation of the pulses from these elements. The elementary pulses will 
differ in amplitude and form and in the time of their emission. The contribu¬ 
tion of each of them to the resultant pulse will depend upon the eungle of 
emission selected for study. This angle varies according as the resultant 
pulse is a ground or a sky pulse and is selected by the order of the sky pulse 
considered. 



D 

FiauBB 12 


Consider an element of the channel which is inclined at an angle 0 to 
the horizontal. Let y be the amplitude of the elementary ground pulse 
emitted by it at the angle ^ = 0 (figure 12 A), and measured at some small 
unit distance from it Lot be the corresponding amplitude, measured at 
the same distance, of its contribution to the nth sky pulse. Then 

7 /<r„ = sin 0/sin d - (6) 

where is the value of ^ for the nth sky pulse. This ratio may pass from 
positive to negative values as passes through the angle d, at which point 
(r„ =» 0. If 0 > the ratio is always positive. 

It is clear from equation ( 6 ) that when a summation of all such elementary 
pulses is made we may expect to find considerable variations in the form of 
the resultant sky pulse with variation in n. As a rule, however, such varia¬ 
tions will not be prominent in low-order pulses from fairly distant sources, 
since the lightning channel is usually nearly vertical and since in such 
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oaaes is small. Thus in general, as the illustrations in figure 1 show, the low- 
order pulses are very similar in form to the ground pulse. 

With nearer sources or with pulses of high order at any distance we must 
expect a considerable change in pulse form as increases. An example is 
shown in figure 1 b where the sky pulses are all reversed in phase with respect 
to the ground pulse This can arise if is greater than the inolmation of the 
majority of the channel elements to the horizontal 

If the actual channel be supposed replaced by a linear channel inclined at 
an angle 9 and 9 is <ln, such a reversal of phase will occur for a value 
amplitude of the sky-pulse series will pass through a minimum 
at ^ = 5 (figure 12 B) Some examples of this minimum are shown in figures 
8 and 9. Another minimum effect occurs early in some wave forms due to 
overlapping and interference of long-period pulses. It can, however, be dis¬ 
tinguished from this one by the absence of clearly marked separate pulses in 
low order parts of the series. 

If is greater than \n the radiation of the channel as a whole may be 
greater in the direction of the sky pulses than along the ground and the 0 
pulse amplitude disproportionately small (figure 12 C), An example is shown 
by atmospheric (/) of figures 8 and 7. From table 1 it appears that the 0 
pulse in this case has travelled 204km and the pulse 272km., the angle 
fpi thus being close to 46". If 9 had been \it, the reflecting power of the iono¬ 
sphere 0* 80 and the attenuation of the ground pulse negligible, the amplitude 
ratio OjSi should have been 1-80. For the other atmospherics, (o) to (e) of 
figure 0, which came from the same source, this is the order of magnitude of 
the ratio observed but for atmospheric (/) it is 0-5. We conclude that 9 in this 
case exceeded 136". The example illustrates the conclusion that no two 
atmospherics can give precisely the same amplitude distribution among the 
reflected pulses of low order. For very high orders, however, there will be 
little difference between and and here the decrease m amplitude with 
order, if no minimum exists, will be set largely by increase of distance 
travelled and additional loss at reflexion. 

7. ThB BBKLBXION COBFFICIISNT OF THB lONOSPHKBlO LAYBB 

If and a„ are the amplitudes of the (n -)-p)th and the nth resultant sky 

pulses, produced by the summations of er„^j, and or„ discussed above, and 
measured at the same small distance from the jmrent channel, the ratio of 
the recorded amplitudes and will be given by 




(7) 
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where is the distance travelled by S^, 90 - 0^ its angle of incidence on the 

layer (flgure 12 D) and and the reflexion coefficients of the layer and the 
ground respectively. It has been pointed out that depends on the 

nature of the parent lightning channel. However, if this channel is nearly 
vertical and both n and d are large we may expect that is not far from 

unity. Further, imder the same conditions, and cos ^i„+p/oo 8 

will both be only slightly less than unity. If then we take r„ = 1 , as is the 
case for long radio waves, equation (7) can be simplifled to 

This equation should give a lower limit to which is not very far from its 
true value. Some values of derived in this way are given below. They show 
a reflexion coefficient which lies between 0'73 and 0-93. The values of 
obtamed by measurements on higher frequencies are considerably lower 
than those given above. Thus Smith-Rose and Barfield ( 1927 ) give = O-11 
for A = 386m. and = 0'17 for A = 479m., indicatmg a rise with wave¬ 
length which would be expected on general grounds. The values given in 
table 6 refer to pulses from Nf wave forms whose period is of the order of 200 
/iseo. and which thus have an effective wave-length of 60 km. For pulses of 
shorter period, which are responsible for the Ni type of wave form, the re¬ 
flexion coefficient is smaller and is estimated at 0*60. The smaller number of 
reflected pulses to be found on Ni forms is thus a consequence of the shorter 
period of the primary pulse 

TabijK 5. Reflectino power of the ionosphere 

FOE ATMOSPHERIC PULSES 
Atmospheric n p r , (lower limit) 

lOeD 8 10 0 78 

10 4 0-76 

8 4 0-78 

84, 3D 8 2 0-73 

77, J 15 10 0 93 

91, 2J 9 6 0-80 

8. Wave forms from cloud discharges 

The wave forms so far discussed have been those arising from discharges 
between cloud and ground. A second and more numerous class has been 
attributed (Schonland, Hodges and Collens 1938; Lutkin 1939} to discharge 
within the cloud or into the air outside the cloud. Lutkin further divides this 
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‘cloud’ class into two groups. The first of these subdivisions (group II) 
consists of the leader process only and is to be identified with discharges of 
the stepped leader type which have no return stroke since they do not reach 
the ground. The second (group III) consists of a set of complete wave forms 
each similar to the single series obtained from ground discharges but of 
smaller amplitude and separated by very short quiet intervals. This class, 
we would suggest, is to be identified with the set of successive dart discharges 
which has been observed photographically as an alternative to the stepped 
leader process in the case of cloud-air discharges. Examples of these two 
classes as observed at night are given in plate 3, figure 13.' 

As would be expected, both groups II and III exhibit the senes of 
reflected pulses which is characteristic of ground discharge fonns (group I). 
The existence of the series is often difficult to establish in the case of 
the stepped leeMler form, since each leader ground pulse is sujienmpuseil 
upon the sky pulse series of its predecessor. Where, however, a prominent 
pulse occurs, its series can always be followed for some distance along the 
record. In the group III cloud wave forms the individual series are separated 
and correspond exactly to the ground-discharge forms of larger amplitude. 
On many occasions we have been able to establish by direction-finding 
intersections that wave forms of group III have originated from storms 
which have given group I reconls on the same film. Comparison of the time 
separations of the jiulses in the two groups then shows no difference between 
them. 

The duration of the pulses found on group III forms at night is very short, 
as would be exjiected if they originated in short dart streamers. The wave 
form is therefore of type Ni with clearly separated reflected pulses whose 
amplitude dies down more rapidly than in the usual AT, form. As a conse¬ 
quence the series does not show very many reflexions. Lutkin ( 1939 ) has 
reported a similar effect by day, the number of ‘ oscillations ’ making up bis 
group III wave forms being less than the number observed on group I forms. 
Since the reflexion mechanism would at first sight be expected to give rise 
to the same number of ‘ oscillations ’ whatever the nature of the discharge, 
he concludes that this difference offers evidence against the reflexion theory 
and in favour of the view that the whole wave form is produced at the parent 
discharge itself. It has, however, been shown that the number of reflected 
pulses which can be observed is dependent upon the duration of the primary 
pulse, and if tliis is short in group III forms by day as it is by night the re¬ 
flexion coefficient will be less than usual and the series will terminate earlier 
than usual. 
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9. Wave fobms of the same atmosphebio at 

TWO DIFFEBENT DISTANOBS 

The arrangements used to obtain wave forms of the same atmospheric in 
both Johannesburg and Durban have been described in § 2 (e). An example is 
shown in figure 1, where (g) and (A) come from the same lightning flash, {g) 
having travelled 1295km. to Johannesburg and (A) 1635km. to Durban. 
These distances were roughly confirmed by direction-finding observations. 
Many other examples of the same kind establish the fact that the temporal 
structure of the wave form of the atmospheric is a function of the distance 
travelled by it. When the wave form at one station is of the very distant 
type (§3) shown in figure 2 (A, i, and k) it is foimd that a similar form is 
recorded at the other station, the time separation between pulses being 
practically identical in the two wave forms. In such cases the direction¬ 
finders give bearings which indicate that the source is at practically the same 
distance from both stations 

It is not usually possible to rely upon frame aerial direction-finders for the 
location of sources of atomspherios at night, owing to well-known polariza¬ 
tion errors. Occasionally, however, successive direction-finder intersections 
were so consistent as to indicate that night errors were small or absent. In 
such cases the great circle distances obtained from the direction-finders were 
in satisfactory agreement with those derived from an analysis of the wave 
forms themselves. Some examples are given in table 6 below. 

Table 6 



Distance from Johannesburg 
Ion. 

Distance from Durban 
km. 

Atmospheric 

By D.F. 

By wove form 

By D.F. 

By wave form 

94, 2, 1 

720 

800 

360 

400 

94, 3, 4 

770 

966 

466 

620 

94. 3, 8 

1400 

1800 

♦ 

* 

94. 3, 1 

* 

« 

466 

670 

89, 7 

6S0 

660 

• 

* 

114, 1 

1600 

1300 

• 

• 

114, 2 

1260 

1300 

• 

• 

114, 3 

1100 

1020 

* 

• 


♦ No wave-form record made. 


As would have been expected from the analyses of wave form which have 
been already discussed, the results of this section support the conclusion that 
the wave form of atmospherics observed at night is due to propagation con¬ 
ditions and is not im^xised at source. 
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10. ThB VBLOOmBS OF GROUND AND SKY PULSES 

The agreement between the observed pulse separations and those calcu¬ 
lated on the supposition that the velocity c is the same for all sky pulses is so 
good as to make it clear that no real variation in c can be established on the 
present evidence. It must therefore be taken for all sky pulses to be close to 
that of light. The velocity of the O pulse is less easy to establish since this 
pulse is difficult to identify after it has travelled 600 km. when it merges with 
Si and is considerably attenuated. Table 1 deals with cases where 0 and 8i 
were clearly separated and Q travelled 204 km. The agreement between the 
observed and calculated value of the — O interval is such that we conclude 
that the time taken by 0, 680/isec., is that which it would have taken if its 
velocity were the same as that of to an accuracy of 6 /isec. Thus in this case 
the velocity of the O pulse was within 0*7 % of that of light. This conclusion 
is identical with that previously reached on similar evidence by Laby ( 1940 ). 

This result does not preclude the possibility of a larger decrease in the 
velocity of the Q pulse over greater distances. Though we suspect this, we 
have at present no trustworthy evidence for it. The observed merging of G 
and tSi may be entirely due to the shortness of the time interval between their 
arrival (116 and 11 fiaec. respectively for distances of 600 and 1000 km.) 
compared with the duration of the pulses themselves (50-400/isec.). 

This metging of 0 and Si makes it impossible to obtain any data on the 
attenuation of the 0 pulse with distance. 


11. The shape of the pulses in the wave-form series 


Figure 14 shows the three types of pulse observed in the wave-form series. 
Type 1 is commonly found in Ni forms and has 
a total duration of 60-100 /tsec. Type 2 is longer 
in duration, ranging from 100 to 260 /isoc., while 
type 3 is still longer, up to 400/(sec. 1 and 2 are 
found in forms and show reflected pulses of 



high order. 

The details of the origin of these forms will 
not be discussed here, but it may be pointed out 
that their durations correspond closely to the 
duration of the main return stroke portion of 
the lightning discharge. Our records rarely show 
cases of pulses of more complicated type or of 
longer duration than those stated. They therefore 


^ f f 
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give no support to the view (Lutkin 1939 ) that subsequent discharge com¬ 
ponents in the return stroke channel frequently produce appreciable 
radiation fields. In the few cases where the O pulse can be observed 
separately from 8i it is found to be of type 1 . All the examples in figure 6 
are of this type. It is thus possible that types 2 and 3 arise either from the 
additional contribution which is made in the case of sky pulses by horizontal 
parte of the discharge channel or from distortion effects on reflexion. 


12. DisotrssiON 

In the course of this work many hundreds of night atmospheric wave 
forms have been examined. All these show the clearest evidence that their 
pulse series arises from repeated reflexions between the ionosphere and the 
ground. With very few exceptions the pulses involved are of the simple form 
and short duration discussed in § 11 , indicating that the primary disturbance 
arose from a simple rise and fall of current in the lightning channel without 
subsequent oscillations. 

The only really certain exception to this rule which we have found is the 
atmospheric sketched in figure 8 and illustrated in plate 3, figure 9 6 , and note¬ 
worthy for having at least forty reflected pulses in its series. The order of 
any particular pulse in this series can be obtained independently by a simple 
adaptation of the equations discussed in this paper, in which n as well as h 
and d are treated as unknowns, and some of these orders are marked in 
figure 8 . It IS then found that the pulse of the series {0 having been much 
attenuated by its passage over 1800 km. and in any case having merged with 
Si) is that marked cd. The pulse ab which precedes it is an Si pulse from a 
different source which does not give rise to any high order reflexions, full 
consideration of such exceptional cases must be reserved until a sufficient 
number have accumulated but it may be pointed out that the absence of high 
order reflexions from ab and the very large number of such reflexions from 
cd would both be explained if ab arose from a vertical channel and cd from a 
nearly horizontal one. From this one can suggest that all wave forms show¬ 
ing high-order reflexions arise from lightning channels with a considerable 
horizontal portion such as is often formed as the return stroke enters the 
cloud-base. This suggestion would link up with the fact that the primeury 
pulse is of longer duration than usual. 

While the majority of our 0 pulses are very simple in form, a few show a 
rather intricate fine structure. Two examples are illustrated in plate 3, 
figure 16, from which it will be seen that the fine structure is gradually lost 
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in subsequent reflexions, as would be expected from its short period and 
consequent low coefficient of reflexion. 

The general similarity of wave forms from the same source has already 
been noted by workers in the ease of daylight atmospherios and follows as 
a natural consequence of the reflexion mechanism. Atmospherics b and c 
and atmospherios e and / of plate 2 , figure 6 illustrate this similarity very 
clearly, minute details being reproduced in each pair with remarkable 
fidelity, though in each case the two wave forms were recorded about a 
minute apart. (The time scale for 6 is tmcertain since it was taken at the 
close of a run.) Such similarity in detail requires of course a certain general 
similarity in the shape of the primary pulse and consequently in the slope 
and duration of the parent discharge. It is, however, impossible to ascribe 
it to a close similarity in the ‘Malan’ components of the two discharges 
(Malan and Collens 1937 ) and the phenomenon is only explicable on the 
basis of the reflexion mechanism. 

The results discussed in this paper were obtained during the winter 
months. More recent work indicates that similar night wave forms can be 
obtained in summer. 

13. Application to atmospheric wave forms observed by day 

The transition from night to day will alter the nature of the wave form 
of an atmospheric in three ways. In the first place, since the height of the 
reflecting layer is lower by day, the time separation of the pulses at a given 
distance will decrease. Secondly the effective reflexion coefficient will be less, 
owing to greater absorption, and fewer reflected pulses will be observed in 
the series. Finally, since the conditions may be no longer approximate to 
those of specular reflexion, the reflected pulses themselves may lose their 
sharp character and be changed in form and duration. As a consequence the 
series, unless observed close to the original source, may simulate a damped 
train of waves. 

The first and last of these difierences will be of vital importance to the 
proper interpretation of the wave form, sinoe the O and pulses will merge 
by day at a distance which is much smaller than 600 km. Equation (1) for 
the reflexion senes 0, will then hold for atmospherics from com¬ 

paratively near storms with a correct value of A, but since the series owing 
to merging and to attenuation of the 0 pulse will become 5^, <S„ ...,(S„ 
further away, calling it 0, S^, wiU give an incorrect and larger value of h. 
Before our night observations were analysed it was thought from our day 
observations that this apparent increase in the day value of h with distance 
was real and it was suggested that it arose from a reduction of h in the 
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neighbourhood of the parent thunderstorm (Sohonland, Elder, van Wyk and 
Crmckshank 1939). The discovery of the merging of 0 and Sy at night makes 
this hypothesis unnecessary, and our day observations when analysed anpw 
give a value for h of about 60 km. irrespective of the distance travelled by the 
atmospheric. 

Our thanks are due to the Postmaster-General of the Union of South 
Africa and to Colonel F. Collins, Under-Secretary for Telegraphs, for 
generously providing telephone facilities for this work. 
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A theoretical study of a possible model of paramagnetic 
alums at low temperatures 

By J. a Saukb aud H N V. Tbmpbblby 

{Communicated by R. H. Fowler, F.R.S.—Received 29 September 1939.— 
Revised 23 April 1040.) 


An attempt in made to examinu thiHirotioally tho properties of para- 
magnetiR alums at low temperatures. Tho model taken is a lattice of frooly 
suspended magnets, all mteractions except purely magnetic bemg neglected. 

Even with this simplitication it is imiiussible at present to mako rigorous 
calculations of tho partition function, either on classical or quantmn lines. 

A simple model is proposed, which is really a generalization of the Bragg- 
Williams theory enabling one to take account of tho ofiFoct of a magnetic field. 

The few configurations whose energies are known are used to fix arbitrary 
constants m the expression assiimcHl for tho energy Tho theory predicts that 
the state of lowest energy is either a spontaneously magnetized state for a 
long thin H|Kicimen, or a state in which alternate rows of magnets point in 
<ip|Ktsite directions for a sphere, siioiitanoous magnetization appearing in an 
ellipsoid with an eccentricity greater than a certain critical value. Tho 
transition curve bomidmg the region in which tho antiparallel stahi is stable 
consists partly of a line of Curie points corresponding to transitions of tho 
second order, passing smoothly mto a hue of critical points correeponduig 
to a transition of tho first order. Tho effect of sliaiie on the magnetic pro- 
perties of the specimen seems to bo oxperiinenlally verified, but tho rough 
nature of the theory prevents it being more than qualitative. 

lUTKODIJOTTON 

A paramagnetic alum ennaigts of a crystal containing a large number of 
molecules of water of crystallization. The paramagnetic ions aro therefore 
some distance apart and their mteractions are therefore small. The struc¬ 
ture of the crystal is usually either face-centred or body-centred cubic, so 
that wo may expect the crystalline field to have a high degree of symmetry. 
It therefore seems permissible as a first approximation to regard a para¬ 
magnetic alum as a cubic lattice of freely suspended magnetic dipoles. It is 
precisely this fact that the ionic magnets are so nearly free that makes the 
paramagnetic alums so valuable for obtaining very low temperatures. In 
what follows we shall neglect all interactions except the purely dipole- 
dipole mteractions between the paramagnetic ions themselves. Even with 
this simplification, the problem remains exceedingly complicated, owing to 
the peculiar form of the mteraction between the dipoles, the interaction 
[ 203 ] M-a 
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energy being strongly dependent on the inclination of the dipoles to the 
line joining them, as well as on their inclination to one another. A well 
known consequence of this is that, if we have two dipoles pointing in the 
same direction along the line joining them, they are in a state of minimum 
potential energy, and there is a potential barrier even between this state 
and the state m which both dipoles are reversed. Temperley (1940) has 
shown that this peculiarity may })erha]is explain the curious hysteresis 
effects discovered in iron alum at temperatures above the Curie point by 
Shire and Barkla (1939). 

It is generally accepted that ferromagnetism m metals is due to exchange 
interactions. Unlike the dipole forces, the interaction between spins 
coupled only by exchange forces depends only on their inclination to one 
another. Another difference is that exchange energies fall off practically 
exponentially with distance, whereas dipole-dipole interactions only fall off 
as the inverse cube of the distance. Thus, in a metal the exchange inter¬ 
actions are very large compared with the purely magnetic interactions, but 
m a paramagnetic alum this situation is probably reverseii With exchange 
interactions only, it is a good approximation to neglect all interactions 
except those between nearest neighbours, whereas if we orient magnetic 
dipoles properly, we can get a state in which the magnetic field at a 
given pomt diverges logarithmically with an infimto crystal, which means 
that size and shape may be expected to be important. Owing to these 
fundamental differences, we shall not be surprised if the properties of 
a paramagnetic salt below its Curie |M>int are not the same as those 
of a ferromagnetic metal. 


The CONFIGorational enkbov 

In spite of the fact that the form of the interaction we have assumed is 
perfectly definite, it has so far proved impossible, owing to the difficulties 
we have already mentioned, either to enumerate states of equal energy, or 
even to calculate the eneigios of specified states, though Sauer (1940) has 
obtained expressions for the energies of certain special configurations. 
From this it is obvious that anything approaching a rigorous statistical 
treatment is, as usual, impossible, and it is necessary to make fairly drastic 
assumptions. Sauer’s (1940) results suggest that the state of lowest energy 
for a spherical specimen is one in which alternate rows of dipoles point in 
opposite directions. (We are assuming for simplicity that each spin has 
only two possible eigenstates.) We also assume that the eneigy of a given 
state is, to a first approximation, a function of the parameters defined 
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thus: We divide the spine into two sets according to their direction in the 
lowest energy state and let S,, be the number of spins in the two sets 
which have to be reversed in order to arrive at the state starting 

from the antiparallel state of lowest energy. Now, if Sj is different from 
the specimen has a net magnetization in one direction, and we get a term 
in the energy — 2/t/f (iS^ - S^) due to the external magnetic field //, and a 
further term due to the appearance of magnetic poles on the specimen. If 
we assume the Lorentz form for the ‘local field’, an assumption that we 
shall discuss later on, we get a further term in the expression for the energy 

of the fonn — 2/t®i;(iS, — where v is given by ^ — n and n is the de¬ 
magnetizing coefficient along the longest axis of the siiecimen. Next, con¬ 
sider a state in which <Si = The two terms wo have just found will vanish 
and the departure of the specimen from the lowest energy state is measured 
by (>S^-I-<S^). The simplest assumption we can make about the change of 
energy is the Bragg-WiUiams approximation. According to this, the rate 
of change of the energy with (<Si-|-»%) will be proportional to {S^ + Sf) for 
{Si + Sf) small, but will fall oflF as {Si -|- 8^) becomes larger. If N is the total 
number of spins, and we have Si = it is clear that we recover the 

original antiparallel state. The simplest form that we can assume for the 
energy change that shall be consistent for both small and large {Si -|- is a 
term proportional to + »%})* It is not difficult to see that this 

assumption is precisely equivalent to the Bragg-Williams approximation, 
the quantity {^N — {Si + S^) corresponding to their long-range order. 

So far, the introduction of a Bragg-Williams type of approximation is 
exceedingly tentative We have only made our formula check up for very 
siwcial values of Si and »Sj. Ijet us put Si = S^ = IN. This state corresponds 
to a disordered state in the ordinary theory, and it will be such that the 
original antiparallel structure is completely broken up. 

Since Si = S^ this state has no net magnetization, and it follows that 
there is also no trace of the spontaneously magnetized state. Since both 
t 3 q)e 8 of ordered structure are broken up, we should expect that this state 
has no interaction energy If we consider the spontaneously magnetized 
state for the case of, o.g., a spherical siiecimen, we find that the interaction 
energy is also zero. (This result can be established by writing down the 
expression for the total interaction energy and applpng symmetry con¬ 
siderations, and it also follows if we assume the Lorentz expression for the 
local field, but it is emphasized that no special assumption about the local 
field need be made.) If wo inspect the expression for the energy of a 
spherical specimen that we have assumed, we find indeed that it predicts 
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equal energies for the parallel and disordered states. Thus, we have sue 
Deeded in checking our formula in the middle of the ranges of and as 
well as at the ends. Sauer's ( 1940 ) calculations give the value for 

the energy required to change the antiparallel state mto the parallel state 
in a spherical specimen. This value holds for either a body-centred or face- 
centred cubic lattice. If we take this value, our expression for the con¬ 
figurational energy in terms of S, and is 

where N is the number of ions per c.c. and ji their magnetic moment. 


The partition function 


Smee Sy, < 8 j each run from zero to ^N, it follows tliat the statistical weight 
of the state (I'Ji, fij) is 

a. 12) 

- S ,)! C ' ‘Si I ■ 

The partition function is given by 


M.‘Si) = X ®(«i.‘Si) exp {-E(,%S,)lkT). 

fiiS, 


(3) 


We now apply the usual procedure of searching for the maximum term 
with regard to S^, since this term corrosiwnds to the equilibrium state. 
We get two implicit equations for .Si and in terms of H, T and i> 


^ 1 -f- exp L{7*2iV/i* - + .S^) - 2^/1- 4/i*v(Si ~ 

r+ Mpl{y- 2 iV^ 14-4/t*(.S^ +;^) + 2/iH + 4/i'v{Si-St)}lkT\' 
By combining these two equations we get 


x = N-2(.\ + ii,) = N 


sinh (Ax/kT) 

cosh (AxjkT) + cosh {2/iFlkT) ’ 


(6) 


I = 2,i{S,-S,)==N^ 


amhi (2/iFlkT) 

cosh [AxjkT) + cosh ( 2/iFlkT) ’ 


(7) 


where A = 7-2/t* and F = H + vI. U H and v arc both zero, equation ( 6 ) 
reduces to the exact form of the Bragg-Williams theory for the case in 
which two components of an AB alloy are present in equal proportions. 
We now study the more general case in which H and v differ from zero. 
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Equation (6) is satisfied automatically if x = 0. If we assume for the 
moment that the configuration corresponding to this case is stable, 
equation (7) reduces to 

I = Nfiia.nh(flFlkT). (8) 

Thus, the assembly behaves according to the ordinary Weiss theory of 
ferromagnetism, provided that x = 0, i.e. that the antiparallel state is not 
stable. For high temperatures we have a disordered state, as in the ordinary 
Bragg-Williams theory, and for large fields a state in which the specimen 
is magnetized to saturation. These results are what we should expect 
physically, and we deduce that the antiparallei state can only be stable, if 
at all, if both U and T are small. We therefore have three distinct states, 
and wish to determme the phase diagram. As we have three independent 
variables H, T and v, it would seem that we require a three-dimensional 
phase diagram. 

Fortunately, matters can be simplified if we consider the two vanables 
T and F, where F = vl. If we do this, we can restrict our phase dia¬ 
gram to two dimensions without suppressing any information • This arises 
from the fact that equations (0) and (7) only involve H and v through F 
It may also be pointed out that this treatment removes the necessity for 
making assumptions about the local field, since we might also develop the 
theory by considering that each dipole was subject to the total field F. It 
will be necessary to reintroduce some assumption about F, since we cannot 
merwure it, but can only measure H and /. F is a more fundamental 
physical quantity than H, but equations mvolving F cannot be mterpreted 
expenmentally. 


The critical temperature 

If we consider F and T as the mdependent variables, the behaviour of the 
assembly is governed by equations (6) and (7) and for zero F we get a 
cntioal temjierature corresponding to a phase change of the second order, 
given by Tf = ^NA/k. For F small, the equation determining the critical 
temperature is obtained by differentiating equation (B) with respect to x 
and then putting a; =• 0 which gives us 

__ (9) 

<• k l + cosh{2fiFlkT,y ^ ’ 

which can be solved numerically. There is no re-entrant portion in a graph 
of the right-hand side of equation (6) as long as coah{2/iFlkTf) < 2, but a 
* We are very grateAil to Mr A. H. Wilson for pointing this out. 
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re-entrant portion appears for larger values of F. The critical temperature 
will then no longer be given by equation (9), but is determined instead by 
the rule of equal areas. In other words, we now have a first-order transition 
involving a finite latent heat, and discontinuous jumps in /Si and 8^. We can 
continue the critical curve graphically by using the usual rule of equal 
areas. This portion of the critical curve rapidly approaches the vertical Ime 
given by 4/tF =» NX. 

We have now succeeded in finding the critical curve within which the 
antiparallel state can exist. Equation (7) shows that outside the anti¬ 
parallel region / or (iS, - is a perfectly smooth function of both F and T, 
while it 18 fairly easy to see that this must also be true inside the anti¬ 
parallel region, for, smce there is no discontinuity in (S^ + iSg) there can be 
no discontinuity in {S^ - iS^) either. There is therefore no sharp critical curve 
separatmg the disordered state from the spontaneously magnetized state, 
but the transition is gradual and continuous. The whole critical curve is 
plotted in diagram 1 together with two sets of contours along which either 
z or / is constant. These can easily be computed from equations (6) and (7). 


Thk kffeot of varying tub .shape of the .specimen 

If we could observe F experimentally, the shape of the sixicimen would 
not be relevant, since any changes in v are automatically taken care of. In 
practice, we observe H and 1. If we assume the Lorentz local field, we have 
F = H for a sphere, and figure 1 will show the critical curve If wo consider 
only the case in which H is directed along the longest axis of the specimen 
(f positive), any other directions of H being outside the scope of this theory. 
It is evident that, as v increases, the term in the energy 

favours the parallel state at the expense of the other two states. We shall 
therefore expect the region on the (H — T) diagram within which the anti- 
parallel state can exist to shrink as v increases. It is not easy to calculate 
the exact form of the critical curve for finite v, but we can deduce that, on 
account of the form of the energy, the field which makes the parallel and 

antiparallel states equally stable at absolute zero is given by — 

This vanishes for i> = 3-6 corresponding to an ellipsoid of axis ratio approxi¬ 
mately 6-1. The antiparallel state cannot exist at all for a more elongated 
s])ecimen than this. The critical temperature for the appearance of sjion- 
taneous magnetization is then given by equation (8) and is equal to 
Nfi'vjk. For H zero and v less than 3-0 the critical temperature is in¬ 
dependent of V. This follows from the fact that for U zero, the critical 
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temperature corresponds to a transition between the antiparallel and dis¬ 
ordered states, for both of which we have zero from symmetry 

considerations if is zero. The term containing v is then irrelevant. 


D(uordered) 



Fiotme 1 

C) No latent heat on the transition curve above this temperature 
. Curvos of constant H. -Curves of constant I 

An APPROXIBJATE treatment ok the effect of change of STfAPB 
We can give a slightly different, and perhaps clearer jiicture of the effect 
of varying the shape of the specimen, by assuming that for any values of 
H and T, the partition function for, e.g., the antiparallel state may be 
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approximated to by putting and exactly equal to xero. We medie 
analogous assumptions for the other states. This treatment is of course 
inaccurate at any finite temperature. If we require the approximate 
equilibrium curve between two states, we equate the idealized partition 
functions. We have as usual 


iog m,S^) = -E(S„S,)lkT+ \og w{SM. 


We may tabulate the three states as follows. 

State Knorgy log <■>(&’, 5,) 

A -1 0 

1) 0 JV log 2 


l-8JVVV*r 

iVIog2 

{N/iH + iN/t*v)jkT 


For A we have 
For D we have 
For P we have 


Si = -S, = 0 or Si = 

Si = INS, = 0, or = 0, = \N. 


Inspection of these partition functions gives us the following equilibrium 
conditions; 


Between A and D 

kT log 2 = h8Nft\ 

( 10 ) 

Between A and P. 

H + \Niiv = \'8Nfi. 

( 11 ) 

Between D and P 

kT log 2 X. //ff + \NiPv. 

( 12 ) 

These three straight lines are plotted in figure 2 for the cases 

V = 0 and 


1 ^= 1-H and the more accurate critical curve for = 0 is also plotted. It will 
bo soon that the approximate critical curve for i* = 0 is a fair representation 
of the more accurate curve. The feature we have already predicted, that the 
critical temperature for 1/ zero is independent of v for values less than 3'6 
ap|X)ars hero also. It is reasonable to suppose that the ajiproximate treat¬ 
ment is also fairly accurate for non-zero v. The appearance of a definite 
boundary between the phases P and D, which the accurate treatment 
shows to be spurious, is clearly due to the fact that we have idealized the 
phases excessively Everywhere except in the antiparallel region the be¬ 
haviour of the specimen is governed by equation (S), and, in spite of the 
fact that this is an implicit equation for I, it is well known that 7 is a con¬ 
tinuous function of 7/ and T, except possibly for 7/ zero and T < NfPvjk 
Owing to the existence of the antiparallel state, we see that we can only 
get a sharp boundary between P and D if we have H zero, v>3-6 and 
T<N/Pvlk. 
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Justification of the assumption of the Lorkntz local field 

An obvious criticism is that these theoretical critical temperatures are 
very high. If we consider iron alum, we have /t equal to fi Bolur magnetons 
and N ~2’2y. 10“ ions per c.c. This gives us a critical temperature of 
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■■ Accumto transition curvo for v=0. 

-Approximate transition curve for m = 0. 

iii'iiiiiiiir Approximate transition curve for v= l-S 

0-14° K, compared with the observed value of 0-034” K (Kurti, Laine and 
Simon 1937 ). We have neglected two points in our simplified treatment. 
Wo have assumed the full value of n while still allowmg only two eigen¬ 
states for the ions, which means that we have a hyperbolic tangent in ( 8 ) 
instead of the proper Enllouin function. For a magneton number of 6 , the 
correction to the critical temperature is a factor of 7/16. If we apply this 
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here, we reduce the theoretical critical temperature to about twice the ob¬ 
served value. This further discrepancy was for a time unexplained, and has 
been used as an argument against the validity of the Lorents local field. 

The discrepancy was removed by Debye ( 1938 ) by taking account of the 
Stark sphttmg of the ionic levels due to the crystalline field. When no 
magnetic field is present, the sixfold degenerate level is split up into a four¬ 
fold and a twofold level, with a separation of the order 0-06i. If a magnetic 
field IS applied as well, the degeneracy is removed, but it is possible to ob¬ 
tain approximate expressions for the energies of all six levels. We can thus 
write down the partition function, and obtain the magnetic moment by 
differentiating with regard to H. If now we insert the Lorenz local field 
\nl in place of H, wo obtain an implicit equation for 1 in zero field. If we 
study this equation numerically, we conclude that non-zero values of / are 
possible if T is less than the critical value 0-038° K., in satisfactory agree¬ 
ment with the observed value. 

The experimental evidence 

There seems to be sufficient, though scanty, evidence for the existence of 
spontaneous magnetization lielow the Cune }K)int (Kurti, Laino and Simon 
1937 , Ashmoad unpublished). Simon (unpublished) reports also that the 
dune temperature does not vary much with shaiie, while Ashmead reports 
that there is no spontaneous magnetization m a sphere, except for a small 
effect [KiBsibly due to impurities etc , but that spontaneous magnetization 
doeft appear m an ellipsoid with (for iron alum) axes m the ratio of 1-8 to 1 . 
This only agrees qualitatively with the predicted value of tt to 1 , but part 
of the iliscropancy is (lerhaps due to the fact that we have assumed that 
each ion has only two states The theory seems to be in rough agreement 
with the known facts, but there has been very little work on temperatures 
below the Curie }X)int. Nor indeed is it easy to see what further predictions 
we could make from the theory, though it might perhaps be worth looking 
for the change from a second order to a first order transition as we go along 
the critical curve A jump in {dljdH) should change suddenly to a jump in 
I above a value of H of the order of IfiO gauss. 


Discussion 

Van Vleck’s treatment ( 1937 ) predicts that dipole-dipole interactions are 
incapable of producing ferromagnetism. Apart from the experimental 
evidence, it must be pointed out that this treatment is based on an ex- 
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pansion of the partition function in powers of l/y, which must break down 
at sufficiently low temi)erature8. We arrive at a similar conclusion if we use 
the Onsager local field instead of the Lorentz, but there are theoretical 
objections to both forms Apart from the famous assumption (common to 
both, which we shall not attempt to discuss) that it is legitimate to scoop 
out a small spherical cavity in the specimen and fix one’s attention on a 
single dipole in the centre, there are other difficulties Onsager’s theory 
attempts to take account of two features neglected by Lorentz. In the 
first place, the scooping out of the cavity would affect the polarization of 
the material, and so would the orientation of the single dipole at the centre 
of the cavity. These two effects will diminish the Lorentz field \nl to some 
smaller value. 

The fundamental difficulty is that the problem is treated as static by both 
Lorentz and Onsager. Lorentz assumes (implicitly) that the central dipole 
changes its position so rapidly that it never has time to affect the polarization 
of the remamder of the medium, while Onsager makes the assumption that 
the central dipole remains in the same direction long enough for the remain¬ 
der of the medium to settle down, and for the ‘ back-action’ of the dipole on 
the remainder of the medium to be treated statically. In actual fact, the 
two time mtervals involved are probably of the same order of magnitude, 
so that the truth lies somewhere between the two extreme cases, and it is 
difficult to say which treatment should bo nearer the truth. Debye’s (1938) 
treatment using the Lorentz field seems to account for the facts satis¬ 
factorily, and it seems premature to interfere with it, though the whole 
question of the “local field ’’ is very obscure, and any results obtained usmg 
this conception must be received with great caution. 

We should like to thank Professor R. H. Fowler and Mr A. H. Wilson for 
their interest in this work. One of us (H.N V.T.) would also like to thank 
the Provost and Fellows of King’s College, Cambndge, for the award of a 
studentship during the tenure of which this work was carried out. 
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Operator calculus in the electron theory of metals 

By K. Fuchs 

Carnegie Research FeUow, University of Edinburgh 
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An operator calculii» is doveIojie<l applicable to problemH in the electron 
theory of motale. It differs from the common operator calculus of the 
({iiantum theory in the fact that the wave function is dehnod in a Unite space 
(the atomic polyhedron) boundiwl by a finite surface. This leads to the 
introduction of surface o|ierators. 

The position operator x cjuinot bo developcnl with respect to the pni(jer 
functions of the Hamiltonian. Insteail an op(>rator ^ is introduced, which 
IS essentially the Fourier development of X 

Tims there are tliroe fuiulamcntal types of operators, the differential 
oiH'rator p, the multiplication operator % and the surface operators. It is 
shown tliat with tlie help of theso a consistent calculus can bo developtvl 

1 . Introduction 

The problem of metallic conatitution consists principally in the solution 
of the wave equation 

(M) 

where the potential V and the wave function ^ extend throughout the 
whole lattice. This problem has in principle been solved by Bloch (1928), 
who allowed that the wave functions are modulated plane waves 

= e^-^^u,{T), (1-2) 

where u^{t) has the periodicity of the lattice, and by Wigner and Seitz 
(1933), who noticed that Bloch’s theorem reduced the problem of finding 
a wave function extending throughout the whole lattice, to that of finding 
a wave function in one atomic polyhedron, satisfying certain boundary 
conditions on the surface of the polyhedron They gave the first actual 
numerical calculation of metallic wave functions. 

These investigations have revealed the character of the metallic binding. 
But it is rather surprising that they have not led as yet to the development 
of a general crystal theory of metals, comparable to the crystal theory of 
central forces developed by Bom and others. 

[ 214 ] 
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One reason for this—seems to me—^is to be found in the fact that the 
solution of the wave equation (1-1) has mostly been tackled by numerical 
methods. Numerical calculations are indeed to some extent indispensable, 
since the potential m which the electron moves is mostly determined by the 
nearest ion; and the potential of an ion is available only in numerical form. 

However, if the solutions of the wave equation are known for a certain 
state of the crystal—say the undefnrmed crystal at the absolute zero of 
temperature—^it should be possible to calculate the physical quantities 
relating to other states of the crystal (elastic constants, thermal frequencies, 
etc.) by means of analytical methods. An attempt in this direction has been 
made by Frohlich (1937, 1938). But Frohlich’s ‘perturbation of the 
boundary condition’ can only Ix) applied to problems for which the boun¬ 
dary conditions are exphcitly known; this is the case only in exceptional 
conditions (uniform pressure, certain modes of vibration). 

Furthermore, any change in the physical conditions is in general not 
expressible in terms of a change of boundary conditions only, but is accom¬ 
panied at the same time by a change in the |X)tential. A method including 
both 18 therefore desirable. 

The ordmary perturbation theory of quantum mechanics has boon applied 
by Wignor and Seitz (1934) for tho calculation of the ‘Fermi energy’, due 
to tho higher electronic states In applying this method in general certain 
modifications are nocossary. These are due to the fact that wo are doaling 
with a wave function defined in a finite space, the atomic polyhedron, 
boundo<l by a fimte surface. This pajier is devoted to a systematic investiga¬ 
tion of the modifications necessary in order to adapt the iierturbatioii 
theory of quantum mechanics to this problem. It will be seen that a con¬ 
sistent perturbation theory can lie developed embodying the advantages 
of Frohlich’s method without the limitations imposed by the concentration 
on the boundary conditions 

The essential point is the following. Let us consider the ensemble of 
admissible wave functions—i e. the oiisomblo of functions for which the 
Hamiltonian operator (1*1) is Hermitian. Then all operators may be 
admitted which transform an admissible function again into an admissible 
function. Now, of the two fundamental operators of quantum mechanics, 
the multiplication operator x and the differential operator p = hji d/dx, only 
the latter is admissible. The former changes an admissible wave function 
into another function for which the Hamiltonian is not Hermitian. 

This has the consequence that if f(x) is a function which can be develo})cd 
with respect to the proper functions of the Hamiltonian operator, then 
x/(x) cannot be developed in this way. 
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I shall introduce instead of the multiplication operator another admissible 
operator, which coincides withx throughout the atomic polyhedron, except 
at the surface, where it is an improper operator (similar to Dirac’s i-func- 
tion). Indeed, this operator is nothing but the Fourier development of x. 
The result of this replacement is that in a number of quantum mechanical 
operations (for example commutation with p) additional terms appear, 
which can be expressed as integrals over the surface of the atomic poly¬ 
hedron. These additional terms can be regarded as the elements of an 
independent operator. 

The mam part of this paper contains the development of the general 
theory. In the last sections the problem of the Fermi energy is treated as 
nn examjile. The reader familiar with the proof given by Wigner and Seitz 
will recognize it in its new form, which shows the real significance of that 
calculation, and holds under more general conditions. 

The application to the problem of the clastic constants will be given in 
a following pafier. 


2. The wave equation in the atomic polyhedron 

If the wave function (1'2) is inserted into the wave equation (M), one 
finds 

( 2 - 1 ) 

wheret 

H, = ^+^(k.p) + V, p = ^V. ( 2 - 3 ) 

The function has the jieriodicity of the lattice, and it is therefore sufficient 
to solve the equation (2-1) in the atomic polyhedron, subject to the boundary 
condition that the wave function is continuous, if periodically continued. 
Such functions will be c.alled ‘ continuous ’ for short. 

The ‘ atomic |K)lyhedron ’ can of course bo defined in various ways. For 
the present it will not be specified any further beyond the statement that 
the arrangement of ions throughout the whole crystal is obtained by a 
periodic continuation of the atomic polyhedron. The CEue of composite 
lattices, containing more than one ion per atomic polyhedron, is therefore 
included in the general formalism. The only property of the atomic poly¬ 
hedron needed for the present is that to each point at any part of the surface 


t For simplicity will bo roferrod to as the energy, though the ‘true ’ energy is W. 
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there corresponde an ‘opposite’ point on a parallel part of the surface, 
the radius vector between the two points being equal to a lattice vector. 

Obviously a continuous function has the same value at two opposite 
points. 

It can now easily be shown that the operator p is Hermitian for all 
continuous functions with continuous derivatives. 

{u . pt?) — (pit. v) = 0 . ( 2 ' 4 ) 

Here the scalar product (u.v) is defined as the integral over an atomic })uly- 
hedron 

(u.v) =J«*«dT, (2-5) 

BO that ( 2 ' 4 ) reduces to 

^J{M*{Vw) + (VM*)r}f/T = *Jv(a*r)dT. 

This expression is identical with the surface mtegral 

- I 

where v is a unit vector in the direction of the outward normal. It has 
opposite signs at two up(>osite ])0ints and therefore the integral vanishes. 
This proves ( 2 - 4 ). 

Now the Hamiltonian ( 2 ' 3 ) contains p and p*, apart from the potential V, 
which is of course Hermitian Therefore H is Hermitian for all continuous 
ftinctions with continuous first and second denvativos. 

In the following the usual assumption is mode that the derivatives of the 
wave functions exist as far as they are needed and that they are continuous 
if the wave function is continuous. This assumption shall bo implicit in 
the term ‘continuous’ function. 

The solutions u,^ of the wave equation must of course be continuous, and 
any operator which does not destroy the continuity is admissible. These 
will be called ‘continuous operators’ They include for example the 
momentum operator p and the potential K(x), since the latter is itself 
a contmuous function. (For this reason the continuity of the wave function 
a* implies also the continuity of tlie derivatives of the wave function ) 
However, I shall further admit ojierators, which destroy the continuity of 
the wave function, as long as the result of the ojieration is a function, for 
which the Hamiltonian is Hermitian. They can bo defined ns the limit of 
a series of continuous operators Only if the operator destroys the Hermitian 
character of the Hamiltonian, it shall nut bo admitted. 


Vol 176. A. 
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With these precautions the general operator calculus of the quantum 
theory can be applied. The proper solutions ttj of the wave equation (2-1) 
form a complete system of orthogonal wave functions for any given value 
of k, they are assumed to be normalized in the atomic polyhedron. In general 
it will be most convenient to select from this infinite number of systems, 
the system for k = 0, which will be denoted by ug. The general considerations 
of the following sections apply to any system and for simplicity the index k 
will be omitted. 

By admitting in the Q{)erator calculus ojierators which are not continuous 
at the boundary, the question arises whether the iierturbation theory based 
thereon will lead to continuous wave functions. This is indeed the case. 
Fur, by restricting the ui^erators as outhned above, we ensure that the wave 
equation is satisfied not only inside the atomic polyhedron but also at the 
surface. Since the solutions of the wave equation are per force differentiable, 
they must therefore also be continuous at the boundary. 


3 ThK ‘position’ OPKRATOB 

We have seen in the preceding section that no difficulties arise in connexion 
with the momentum oiierator p. This is different if we turn to the position 
operator x. For, it changes a continuous function into a discontinuous 
function, and in general destroys the Hermitian character of the Hamil¬ 
tonian, as will bo shown immediately. 

Ijot X( bo the co-ordinates of a point inside the atomic polyhedron counted 
from an arbitrary origin. Let m, v be two continuous functions and operate 
with on V. The result is a function, for which p is not Hermitian 

(m . pa;, v) — (pu .XfV)^0. 

For this expression is equal to 

^jv(u*XfV)dT = vj v(u*XfV)d(r. 

Here the nght-hand side is a surface int^^l, which in general is different 
from zero. It follows therefore that x^ is not an admissible operator. 

We introduce now the operator defined by its matrix elements 

£f/>=(W.XfUfi). (3-1) 

If Xi were an admissible operator, would of course bo identical with Xf. 
But since Xy is not admissible, coincides with Xf only inside the atomic 
polyhedron, but not at the boundary. This is immediately evident, if we 
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represent as the limit of a series of operators, using the successive approxi¬ 
mations by means of the Fourier development of x,. Fach term in this 
senes is a continuous function of x and therefore an admissible operator, 
coinciding with the o|)erator defined by its matnx elements. In the limit 
it coincides withgj. Thus we have 


(M.p?t>) = (pU.?l>), 

(« H%v) = (Hu.%v). 

(3-2) 

It is obvious that ? is Uermitian 



(«.?«) = 

= (?«.«). 

(3-3) 


Since % differs from x only at the boundary, all matrix elements containing 
5 but no derivatives of % can bo calculated by replacing 5 by x Thus 

(5p)*/» = (a«.xpM/»), (3-4) 

but in general (p§)“^ ¥= («* • p^u^). 

This matrix element must be reduced to the element (3'4) 

(p§)«/» = (|p)/»«* = (M/». xpit*)* = (XPM» uf), (3-5) 

since p and % are both Hermitian. 

The components of ^ can be represented as functions ofx, therefore they 
commute with each other. 

= (3-6) 


4 Commutation rulks and subkaok operators 

Consider now the commutation of p with a function of?. Corresponding 
to (3-4) and (3-5) the matrix elements are 

The first integral can be changed into a surface integral, the second gives 
the matrix elements of d/(?)/d^^; thus 

The appearance of such surface integrals is characteristic for the oiierator 
calculus developed here. They can be considered as the elements of an 


I5-J 



220 


K. Fuchs 


independent operator, einco all other elements in (4-1) are the elements of 
admissible operators. I introduce therefore the ‘surface operators’ 

They are defined by means of their matrix elements 

«)«A= J „J(x) Bufida. (4-2) 

Here A and B are supposed to be continuous operators, so that they have 
no divergencies at the surface. With this defiiution (4-1) may be written 
as an ojierator equation 

[Pi./(5)1 = *j^3|^-*'.(l./{x),l)j. (4-3) 

The surface operators can also be represented in ar-space where they are 
improper functions. This will be seen, if the matrix elements are formed 
according to the usual rule and compared with the definition (4'2), 

M,(.d,/(x), ii)“A = Jw** v^{A,f(x), B)ufdT =J V{f{x) Bufdcr. 

This equation shows that the operators v^{A,f{x), H) are a kind of ^-function 
at the boundary and vanish inside the atomic polyhedron. 

5. Some properties of the surface operators 

The surface operators have some simple properties, which will now bo 
bnefiy considered. 

(i) The adjotnt of a surface operator From the definition (4'2) follows 
immediately that 

vAA , fix), B)^ = p,( /*(x). A% (6-1) 

(ii) Continuous functions /(x) If/(x) is a continuous function of x, it 
is obvious that the surface operator vfA , /(x), B) vanishes identically. This 
means that in our calculus we need not distinguish between the functions 
/(x) and/(5), if/is continuous. 

(lii) Product unth continuous operators. The most im]^)ortant property of 
the surface operators is, that a product with any continuous operator is 
again a surface operator In order to prove this, let us multiply the equation 
(4'3) from both sides with a continuous operator 

/(?)] B = ^A BI, fix), 1) B. 
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The matrix elements of this equation are 

Bufi) 

= (a^u- . ^ Bu/j - * (piA^u-.fix) Bufi) + ^ .fix)piBufi). 

If these matrix elements are written as integrals, the integrand easily 
reduces to a complete differential, so that the mtegral reduces to a surface 
integral, the latter is identical with the surface integral (4'2) Therefore the 
following relation holds 

^i.,(l,/(x),l)^=,.,(^,/(x),fl). (6-2) 

Observing that the product of two continuous operators is again a con¬ 
tinuous operator, it follows from (6-2) that 

(7i-,(^,/(x), B)D = ViiCA,fix), BD), (5-3) 

where C and D are also continuous ofierators. 

It may be remarked that if J or m (5'2) are centinuous functions of x, 
they may be shifted into the middle position as follows 

^(x)K<(l,/(x), l)if(x) = v,i\,A*ix)fix)Bix)J). (54) 

This follows from the definition (4'2) 


6. Commutation with the Hamiltonian 

AND PEHTURBATION CALCULUS 

T^t US consider now the commutation of the Hamiltonian with a function 
of then’s. In the following the summation convention is used for the lower 
indices j, etc., denoting coinjionents of vectors. With the Hamiltonian 
(2-3) one finds 

[!/,/(§)] = £[p^/(5)J+[i>,./(5)]2^^+,^^/[p,./(5)l+[t^,/(5)l. 


The last term vanishes since V and % are functions of x only. With (4-3) 
and (6* 2) the remainder reduces to 




iJM) 


-HPiJW, l)-p,(l./(x),p,)-2fll:,p,(l,/(x), 1)), («-l) 
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or on commuting pi and d/(IS)/^& 


+ ^ Ji W i\\ 

+ 2 ml 06 a& '^‘V’ dx, ’ Jl’ 


"2mir afe ' a& 

-v,(l,/(x),p,)-2/iA:,»',(l,/(x),l)j 
/ 0/W 

2mi0i;a& ’vr 


( 6 - 2 ) 


(6-3) 


The commutation equations (fl'l)-(6‘3) are the essential equations for 
any perturbation problem. Their use depends largely on the special problem 
and I shall therefore only indicate it shortly and then treat the problem 
of the Fermi energy as an example. 

Any change of the boundary can of course be compensated by a change 
of co-ordinates. It is therefore sufficient to consider a perturbation given 
by a perturbation Hamiltonian 


H = H+H+.... (6-4) 

It will be most oonvenient to use the abstract perturbation calculus of Bom 
and Jordan ( 1930 ). Our problem is then to find a unitary transformation U 
which brings the Hamiltonian H into the diagonal form E 

WHU = E, ( 6 * 6 ) 

f7t(7= f/t/t= 1 . (6.6) 

On expansion we find the first order equation 

[//.f}j = i-H. (6-7) 

In applying this equation to problems in the theory of metals, it is often 
possible to find a strict solution of this equation, if the atoms are at infinite 
distances from each other. Let this solution be denoted by an index oo; 
then one has 


[//,f/„] = Iff*-//*. 

Now, for infinite lattice distance the surface operators vanish, since then 
the wave functions vanish at the surface. For a finite lattice distance the 
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left-hand side of this equation then differs exactly by the surface operators 
appearing in (6-l)-{6*3). Let these be denoted by N, then we have 

[H,IL]=^E„-H^-N, (6-8) 

I 1 

where and therefore N are known operators. Writing 

U = U„ + T, (6-9) 

and subtracting (fl- 8 ) from (6‘7), we find 

\H,T] = E-h^-H + H^ + N. (6-10) 

The diagonal elements of the left-hand side vanish, hence 

+ (fl- (6-11) 

where E* is the change of the energy of the state represented by the wave 

function w*. The difference arises only from the potential due to the 

ions and electrons outside the atomic jiolyhedron and the diagonal element 
can easily be approximated by classical methods. The remainder of the 

energy change is given by the surface integral 

The second order equation is more complicated, but in principle the same. 

1 

The equation ( 6 ’ 8 ) is of some interest. If it is remembered that N is & 
surface operator which vanishes everywhere inside the atomic polyhedron, 

and disregarding the term H — it will be seen that is a solution of the 
equation (6-7) except at the surface Hence the correspondmg wave func¬ 
tions satisfy the wave equation everywhere inside the polyhedron, but not 

at the boundary. This is duo to the fact that the operator IJg, is not a con¬ 
tinuous operator, and as pointed out in § 2 , for this reason the corresponding 
wave function is automatically rejected 

7 Thk wave functions and energies ok 

THE HIQHKR ELECTRONIC STATES 

In this section let us consider a cubic lattice and assume that the wave 
functions and energies for ib = 0 are known. These form a complete ortho¬ 
gonal system of wave functions and the solution of the wave equation for 
the higher states {k ^ 0 ) can be obtained by the perturbation theory. 
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The results for the enei??y have already been given by Wigner and Seitz 
( 1934 ). But they have not paid any explicit attention to the question 
whether the operations ixjrformed are admissible or not. 

It will be most convenient to assume the atomic polyhedron in such a way 
that it symmetrically surrounds the lattice points. Then the Hamiltonian 
H for A = 0 has the symmetry of the lattice and the proper functions u 
are symmetnc or antisymmetric with the lattice symmetry. For a cubic 
lattice it follows that the diagonal elements of the operators p and ^ vanish 


(P)“ = (5)“ = 0 . 

Expanding with regard to k the Hamiltonian is 

(7-1) 


= H + 

{7-2) 

where from (2-3) 


(7-3) 



(7-4) 

Let the energy be 

Then ( 6 ' 6 ) gives on 

E = E + E^. 

0 0 

multiplication with U (observe that EsH) 

(7-6) 


[H,U] + H^U-UE^^0. 

(7-6) 


Let us consider the solution of this equation for infinite lattice distance. 
In this case the wave functions inside a given zone are all identical and 
equal to Therefore it follows from ( 1 ' 2 ) that — exp (— i(Ic.x)) 

Hence the unitary transformation V for infinite lattice distance is 

t>. 

This operator is uniquely defined since the^^ commute with each other. We 
are thus led to the substitution 

I7 = e-f<kt)+T. (7-7) 

Now, from ( 0 - 2 ) it follows that 

{)]+ * (k.p)c-'»-e>+ = 0, (7-8) 

m 2wi ' ' 

whore N is the surface operator 

N = ^ l) + i',(l,e-'» « p,) +ftfc, 1^,(1,e-'* «, 1)}. (7-9) 
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Subtracting (7-8) from (7-6), one finds with (7*4) 



[H, T] + HfcT- eWi-f- if = 0. 

(7-10) 

Here 


(7 11) 

is the true energy (cf (2-2)) 

In order to solve this equation, wo expand it in powers of k 

Let lie 


1 r, i 3 \ 

//fc = i/ = -(k.p). r=r)-Tf. ,| 

12 1 2 1 

(7-12) 


W^=W+W + ..., N = N + N+ ,j 


where 

^ "" 2 mx),l) + 1 ^,( 1 .(k x),p,)|, 

(7-13) 


N = -^{P,(p„(k x)M) + .^,(l,(k x)*,i>,) + 2tiit,Ml,(k.x), 1)} (7-14) 

Substitution of those expansions in (7*10) gives the first and second order 
equations 

[f/.TJ-iT+Ar^O, (7-16) 

[H, T] + HT-TW- If + ^k.?) if+ iV = 0. (7-16) 

Further, from the condition (6*6) follows 

T+h = 0, (7-17) 

T+T+ + i(k.§)7'-7’tt(k 5) + T^ = 0. (7-18) 

From the definition (4-2) of the elements of a surface oj[H5rator follows that 

both terms (7-13) in the diagonal elements of N vanish, owing to the cubic 
symmetry. Therefore the diagonal elements of (7-15) give 

= = (7-19) 

The non-diagonal elements of (7*15) give 

1 Kafi I 

= - - - , = 0, (7-20) 

Ef-E^ 


whereM the diagonal elements of T vanish in view of (7-17), since they may 
be taken to be real without loss of generality. 
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The second order equation (7* 16) now reduces to 



[H,T]+HT-W + N = 0, 

(7-21) 

with the solution 

W‘ = N“ + (HTY’, 

(7-22) 


— 0 0 • 

(7-23) 


Ef-E* 


The diagonal element of is with (7-20) 

1 1 1 ,v/»« 

{HTY^ = 2 . (7-24) 

Following Wigner and Seitz ( 1934 ) this sum can be evaluated approximately 
for the lowest zone of the valence electrons. For in this case all states of 
lower energy give a negligible contnbution, since their wave functions are 
very small at the boundary so that the corresponding element of the 

surface ofierator N is also small. We may therefore replace E^ in the 
numerator of (7'24) by a suitably chosen mean value, which is of the 
order of the energy of the first state giving an appreciable contribution. 
1 

Substituting for H the value (7-12), the energy (7-22) is in this way 

ip. ,= , (7.26) 

wi 0 0 ’ ' ' 

E^-E 

or with (713), (7-14) and (6-2) 

W- = -;‘^{>',(Pi,(k.x)*, l) + i^,(l,(k.x)«.p,) + 2»ftifc,i.,(l.(k.x). 1)}« 

+ - 2 “i -o“ 0 ' + (k.x).pj«“. (7-20) 

E»-E 

Thus the energy is given in terms of surface integrals containing only the 
wave function uj of the lowest valence state. If the latter is an s-state in 
the undeformed cubic lattice, most terms vanish in view of the cubic 
symmetry or the boundary condition 
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It then follows that 


-ifc* *.!)-“ +- 


1 _ vA PiP^>x , \Y» 


(7-27) 


Here the index x is used so as to avoid conflict with the siunmation con¬ 
vention. 

In the spherical approximation this expression gives the value found by 
Wigner and Seitz ( 1934 ) 

W- = + 2 /“ = ( 7 - 28 ) 


Numerical calculations for sodium (Wigner and Seitz 1934 ) and copjier 
(Fuchs 193 s) have shown that the second term in (7-28) is small. A collection 
of numerical values of/* is given by Mott and Jones ( 1936 ). 

This calculation can readily be extended to the case of metals with other 
than cubic symmetry. In this case 


(7-29) 

1 1 * 

does not necessarily vanish. Observing that ff, W and IF are Hermitian, 
(7-10) gives with (7-17) 

1F= l{HT-TH + N + h + [W.T-t(k.l)-]-{-[H,T\ + [I^,H]} (7-30) 

The commutators in this equation have vanishing diagonal terms, smce 
0 1 

U and W are diagonal Therefore one has 

W<^ = \{UT-TH+N-^mY'^. (7-31) 

11 11 

The diagonal term of TH can be evaluated in the same way as that of HT 
with the result 


l(flr-rit)-- (7-S2) 

E»-E E*-B 


Here the last term arises from the fact that the term fi = ain the summation 
(7"24) must be omitted; it is zero for the cubic lattice. 
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If we apply the common perturbation theory directly, we have of course 
the well-known equation (is identical with A’*) 

yya = ^ ^ (k. p)«. (7.33) 

Therefore with (7-20) ^ (k.p)" = = If'”, (7‘34) 

tn 

so that the last term in (7'32) is known. 

Further, it follows from (7-14) and (6-1) that 

liN + h) = '^*,y,(l,(k.x), 1). (7-36) 

Thus we have for any lattice 

+ Viip„(k.x),pi) + Pi{p(,Oi x),p,)-)-»»,{l,(k x),p,p,}«J. (7-30) 
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The soft X-ray spectroscopy of solids 
II. Emission spectra from simple chemical compounds 

By H. M O’Beyan, Oeorgetown University, Washiv^Um, D.G. 

AND H. W. B. Skinner, Wills Phystcal Laboratory, Br%slol 

(Communicated by A. M. Tyndall, F.R S.—Recewed 9 April 1940) 

K- and L-emimum lianiU, oinitlod in tho wift X-ray of fl'" 

gpoctrum by nt/inriH in a niimbor of chomical uoinpounda, Itavi' boon in- 
veatigatod. Tho rndwtaiicon for which such HjMictra aro available through 
the prosont or previous work aro fluoridoii, ohloridi«, broimilos, lodidos, 
oxides, sulphides; boron nitrido and other boron coinpoiituls, and carbides 
In the caaes of SiC. HN and n numlior of oxides, spectra from Ixith the 
component atoms forming tho compound have lx>on obtained. 

The nsnilts aro interpreted, as those for tnotals and element-insulators 
have been in a previous pajior (Skinner 1940), to give tho characteristics 
of the bands of levels winch exist for tho valence-electrons in tho normal 
state of tho sulwtance In the cost' of tho halides, ilata on tho p- and «- 
levels of the negative 10ns are given, luiil it is shown that, even m tins case, 
the crystal slrnctnre leaves its mark on tho form of the bands of lev'cls The 
2p-ban<ls of oxygen from most oxides an* tiioro 8pn>ad-out on an energy 
scale, thus showing that tho inUTOCtion b«>twe«*ii elivolrons in niighbouring 
atoms IS considerable. The spectra of the metal ions in oxides arc very com¬ 
plex, and an attempt is miwle txi disentangle tho factors winch load to this 
complication. In doing so, it is bo[MM] that wo may have thrown some light 
on the (liiTlcidt subject of tho structure of uemi-polar comjKiunds in solid 
form. 


1. iNTRODirCTION 

In the first paper of tho series, a full account has been given of the soft 
X-ray bands of metals and element insulators of tho first two groups of 
the periodic table, and of their use in tho formulation of a detailed know¬ 
ledge of the systems of electron levels which exist in such solids (Skinner 
1940 , to be roforrod to as ‘Paper I’). In the present paper, wo propose 
to describe tho results of similar investigations on chemical compounds, 
chiefly halides, oxides and sulphides Though the bands are often more 
complicated than for the elements, we shall attempt to interpret them 
along lines analogous to those used in the previous paper. 

A solid chomical compound of course consists of a lattice of atoms or 
ions of mpre than one sort. We therefore have the possibility of observing 
spectra of two or more kmds from a given compound, for example, tho K- 
spectrum of Be and the if-spectrum of O in BeO. Though it has not been 
always possible to observe all these component spectra on account of 
( 229 ] 



230 H. M. O’Bryan and H. W. B. Skinner 

technical difficulties, they have been obtained for a number of oxides 
and for BN. The result is that the X^-spectrum of O (or N) is quite different 
from the corresponding K- or L-speotrum of the metal ion, the latter 
being extremely complex. It is also quite different from the same spectrum 
from the metal itself, as was first shown by Karlsson and Siegbahn ( 1934 ) 
for the /f-spectra of Mg and A1 m MgO and AlgOg. The same type of 
difference was also shown between the A-spectra of B obtained from the 
solid element and from BjOj by Gwinner and Kiessig ( 1937 ) and by 
Uautot and Serpe ( 1937 ). We have added to the detail observed in the 
latter case, and have also investigated a number of other cases of metal¬ 
ion sjiectra from oxides, etc., including some Ljs-spectra,* * * § which show 
somewhat different ]>oculiarities f 

The A-spectra of O from various oxides had, in comparison, been 
neglected. Work published by several authors| had established the 
existence and wave-length of the spectrum, but seems to suffer from the 
defect of inadequate resolution or of insufficiently clean conditions in the 
X-ray tube. These spectra, of which we give a number, are characteristic 
of the particular oxide from which they are emitted, and are among the 
most interesting bands m the whole field of soft X-rays 

In the case of the halides, we did not succeed in obtaining metal-ion 
spectra. Work on the L-siiectra of chlorine and the -spectra of bromine 
from a number of chlorides and bromides has already been published by 
Siegbahn and Magnusson ( 1934 b, 1935 ). We have added some examples, 
particularly for the bromides, and have generally confirmed their experi¬ 
mental work. Our determinations of the A-spectra of the fluorides are 
quite new. as is also our work on the A-spectruin of nitrogen from BN, 
and the Ljg-spectra of sulphur from several sulphides 

We shall only lie concerned in the present paper with one example 
which can be classed as a genumely covalent compound. This is Si(J, for 
which we give the A-spectrum of C and the Z/Q-spectrum of Si. Previous 
work has supplied a considerable amount of data on the A-spectra of C 
and B obtained from various compounds of this type.§ 

* When the eneiyy separation is small and con bo disrogardod, we write 

for convomonce /y„ instead of L, and 

t The L„-band of A 1 in Al, 0 , published by Siegbahn and Magnusson (1934a) is 
nut complete 

t Hautot (1934), Magnusson (1938). After the present pajier was partly written, 
the work of Tyr^n (1939) came to hand This gives results m agreement with ours. 

§ See Siogbahn and Magnusson (1935), Broih, niooker and Kiessig (1934), and 
(Iwmner and Kiessig (1937). Also for work on alloys of the light metals: Yoshida 
(1936), Skinner and Jolinston (19376) and Farmeau (1938) 
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The ^-spectra of oxygen and fluorine lie near 23’6 and 18-4 A re¬ 
spectively, and are thus in a region which provides a reasonable resolution 
of the electronic level-system under investigation (see Paper I, § 3; also 
Skinner 1939 ). The remaining spectra of this paper he, from this pomt of 
view, in an even more favourable region. There exist also a number of 
investigations of hard X-rays, in which small changes of line-form are 
observed in passing from element to chemical compound. Owing to poor 
theoretical resolving power due to the short wave-length, such data are 
not of much use for providing material for determining the level systems 
of the solids in question. 


2. Experimental technique 

The range of wave-lengths included in the present investigations 
stretches from about 17 A to about 300 A. Two vacuum spectrographs of 
grazing-incidence type were used, each of which had a glass grating ruled 
with 30,000 lines per inch by Ifrofessor R. W. Wood, both wore used with 
the photographic plate bent along the Rowland circle. One had a radius 
of curvature of 7 m. and was adjusted to an angle of incidence of 1-5°. 
This spectrograph was employed for wave-lengths below 60 A, namely, 
for the X-radiations of F, O, N and C. The other spectrograph, with a 
1 m. grating at 6 °, was that employed for the experimental work of Paper 1. 
The slit widths used were generally about 1-6/100 mm. for the first spectro¬ 
graph and 2/100 mm for the second These give respectively voltage 
resolutions of the radiation, taking mto account the slit-width of the 
microphotometer, of about 0-7 eV at 23 A and about 0-4 eV at 100 A, for 
first order spectra With the 1 m. spectrograph, high-order spectra were 
often employeil; but, unfortunately, the second-order spectra given by the 
7 m. grating proved to be very weak, and most of the work was done 
using first orders A few second-order spectra of oxygon X-radiation from 
CaO appeared to show that the resolution in our first-order spectra was 
sufficient, but, in other cases, particularly the fluorine X-spectra, no 
definite check was made. The resolution in the long wave-length spectra 
was certainly adequate for all their features. 

The construction of the spectrographs was similar to that desenbed by 
Skinner and Johnston ( 1937 a), and the general technique the same as in 
Paper I. So neither will be described in detail here. The glass X-ray tube, 
exhausted by oil diffusion pumps and provided with liquid-air traps, were 
the same as before. The substance to be investigated was deposited on 
one of the four sides of the square anticathode, which could be rotated so 
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that any of the sides could be put in position for the exposure. The X-ray 
filament was always run with one side of the antioathode facing it for an 
hour or more as a preliminary. When the pressure had fallen to a low 
enough value, the other sides of the anticathode whose surfaces were still 
fresh, wore used successively for the exposures, several of which could be 
obtained on the same plate by means of a shutter working close to the 
photographic emulsion. When possible the material to be used was 
evaporated on to the antioathode, this method weuj used for the halides 
and for ZnS. Other substances, for example oxides, were emulsified with 
a pure volatile liquid such as carbon tetrachloride, and deposited in a 
thin uniform layer on the polished copper surface of the antioathode. 
Exjiorience showed the required thickness, and, under such conditions, 
the deposit was often practically unaffected by the bombardment of the 
electron current. Except for the halides, the oopiier remained bright 
during the exposures, and the results themselves show that they are free 
from contamination, for instance, hy Cu,0 In the case of the halides, 
the method of evaporation made possible the frequent renewal of the 
material. This is very necessary, since the halides are among the sub¬ 
stances which decompose when bombarded by electrons. Other such 
compounds are carbonates, sulphates and cyanides, which liecome changed 
mto carbides, sulphides and oxides, giving off oxygen or nitrogen. The 
results obtained from such substances are therefore unreliable.* In the 
case of the halides, however, the decomposition takes the form of the 
evolution of halogen gas, leaving the pure metal The gas is pumped off, 
and thus there is no contaramation of the halogen spectrum characteristic 
of the halide, due to other compounds On the other hand, the corre¬ 
sponding metal-ion spectra arc spoiled. This kind of decomposition appears 
to be due to a typo of electrolysis, and happens especially quickly when 
the positive and negative ions are small and mobile; Lib' is the worst case 
Most of the oxides used were quite stable and lasted almost indefinitely 
on the target. But AljOj was found to decompose slowly, giving A1 
metal ,t oven so, it was possible to separate out the characteristic metal¬ 
ion spectrum of the compouml from the metal spectrum by a knowledge 
of the shape of the latter. The oxides of iron, EeO and Fe^Oa, give the 
same result for the X-spectrum of oxygen, and it is probable that the 
latter compound decomposes with the liberation of oxygen to give FeO. 

* Sicgliuhii and Mngnusson’a (1935) results for carbon /C-radiation from some 
carbonates must therefore be regardcxl with some suspicion 

t Karlsson and Siegbahn (1934) publish a /C-spoctnun of A1 m A1,0, which shows 
no sign of decomiXMition. The exposure may have been short. 
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The 1 m. spectrograph was used under running conditions identical 
with those of Paper I. Currents of 10-100 mA at 3500 V were used in the 
X-ray tube, but the spectra of metal ions in oxides are much weaker than 
those omitted by the pure metals. The lower light-gathering power of the 
7 m. spectrograph made the use of a larger input m the X-ray tube de¬ 
sirable; currents up to 150 mA at 8000 V were actually used. The pressure 
conditions were therefore liable to be somewhat inferior, but there was no 
sign that the results were adversely affected. Exposures, which ranged 
from a few minutes to several hours, were taken on Ilford plates. The 
photometry was not so carefully done as that described in Paper 1, and 
plate-calibration curves were not taken in all individual oases. On the 
other hand, the experience of Pa|jer I and of some plate calibrations at the 
shorter wave-lengths, shows that no large errors will be made in taking the 
photometer deflexion proportional to the intensity of the radiation oausuig 
the blackening of the eniiilston, at least m the region of densities covered 
in most of the exfxisures. Though a few of the plates have regions of 
exceptional density, for which the corresponding intensity will be under¬ 
rated, no more elaborate method of conversion to intensities was carried 
out. 

Wave-length measurements were only rough, especially in the short 
wave-length region, where we had no standard available, except for the 
soft X-ray bands from various Fe-groiip metals, whose wave-lengths are 
given by TynSn ( 1937 ). However, the wave-length of the peak of the 
oxygen X-band from MgO was determined approximately by comparison 
of its nmth order with the emission edge of metallic Mg. The result is 
23-61 ± 0-02 A * Since wo had no ciompanson lines on the plates, our 
investigation of the variation of this wave-length with the nature of the 
oxide was quite incomplete In some cases, however, we had the results 
from different oxides on arljaoent strips of the photographic plate and 
found a small variation in the peak wave-length The peak wave-length 
for BeO, B,Oa, MgO, AljOg seemed to be the same within about 1/100 A, 
for SiO,, it is shorter by about 3/100 A, while for CaO and SrO it is longer 
by about 2/100 A. In a diagram of the results to be given in figure 7, 
since the shift of the peak in some cases was not determined, we have 
arbitrarily arranged the peaks of the curves below one another in two 
groups, and the wave-length scales for some of the oxides are therefore 
slightly displaced. In the long wave-length region of the spectrum we 
have either taken wave-lengths from Siegbahn and Magnusson ( 19346 , 

* Tyr6n (1939) gives the more accurate value 23-603 A for MgO. Hia results for 
the oxides of Be, B, Mg, Al, Ca, 8c, 8r, Y, Ba vary from 23 66 to 23 61 A. 


VoL 176. A 
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*935) made comparisons with high-order carbon A’-speotra, or 

with metal emission edges, but again no great precision is claimed. 


3. General interpretation op resitlts 

In Paper I, § 3, we have given the general Imes of interpretation of 
soft X-ray emission bands. The excited state is regarded as a discrete 
state, difiering in energy from the normal state of the material by an 
amount per atom, or molecule. After the transition giving rise to the 
emission of a soft X-ray quantum of frequency v, the final state is the 
normal state of the material, except that an electron is missing from the 
band of filled valenco-electron levels. For convenience, the energy level 
from which the electron is missing is defined as one of energy E, where E 
is measured from the bottom of the band of levels. Wo therefore char¬ 
acterize the energy per molecule of the material after the transition as 
and we have 

hv(E)^W^-W(E) (1) 

It is shown in Paper I, § 3, that if we call 1{E) the observed intensity 
in a band of radiation, then 

I(E)jv^a:NJE) for a A-spectrum, ] 

( 2 ) 

for an L,- or Z/j-spectrum, I 

where Np{E), Ng_^.j(E) are comixments of the function N(E) whicli repre¬ 
sents the density of levels at the energy E. A^(A), Nj,{E), ... represent 
those levels which, near to the nudet, give rise to wave functions similar 
to atomic s, p. ... wave functions and 


N,,^{E)^N,(E)i-(xN^(E), 


where a is a constant which cannot be determiiiefl experimentally. In 
this paper, however, wo shall almost always be able to take N^(E) as 
zero, since the atoms with which we have to deal are mostly unlikely to 
have any d-electrons in their normal state. 

In the examples of Paper I, the quantities Nj,{E) were found to 

have positive values within the same range of values of A, in other words, 
the bands of a- and p-like levels overlap completely. But in most of the 
cases which concern us in the present paper, the problem is simplified in 
that the a- and p-levels overlap only slightly, or not at all. This is due to 
the fact that we shall mainly be concerned with levels similar to those of 
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F~ in fluorides. For these ions, the (2a — 2p) separation in the free state is 
relatively large (of the order of 10 eV) and the interaction in the lattice is 
not sufficiently great to amalgamate the bands which correspond to these 
ionic levels. It follows that in such cases, the values of N,(E) and Nj,(E) 
have more direct meanings than they do for example m a metal where the 
admixture of s- and ^-levels is complete In fact they represent the 
function N{E) itself Thus, for example in the case of the -spectrum of 
fluorine m a fluoride, we can interpret our results directly as giving N{E) 
for the 2p-band of the negative ions. 

In the case of crystals which are not purely ionic, we shall have to bear 
in mind the fact that electrons regarded as attached to negative ions have 
a certain probability of being found in the region of the positive ions. This 
introduces a complication, since obviously the space symmetry of a wave 
function near a certain nucleus may be different from that near a different 
nucleus. Thus, in the case of semi-polar compounds, our functions N^iE), 
Np(E) have no meaning except in relation to a given kind of atoms in the 
lattice. Usually, it is convenient to refer then to the negative ion, and we 
shall apeak, for example, of the 2p(0) band of levels m an oxide, or where 
no ambiguity can arise, simply to the 2p-band of the oxide. 

In the case of chemical compounds, an important phenomenon is found 
which plays only a small part when we are dealing with solid elements. 
This 18 the observation of multiple emission bands. In some cases, the 
features of the 1(E) curve repeat themselves with more or less accuracy 
at different values oi E, in other cases, a second and different 1(E) curve 
is present which seems to have no connexion with the main 1(E) curve. 
In the case of ordmary hard X-ray spectra, a similar effect is observed in 
the emission of satellite lines, while in Paper I, § 8, evidence has been 
given for satellite bands, similar in form to the main bands of the L„- 
spectra of Na, Mg, A1 and Si in the form of solid elements. Such satellites, 
however, have an intensity of only about 1 % of that of the main bands, 
whereas in some of the cases with which we shall be dealing the satellites 
may have an intensity of the same order of magnitude as that of the main 
bands. Their existence is certainly an intrinsic property of chemical com¬ 
pounds and unfortunately makes the interpretation of the soft X-ray 
bands much more difficult than for simple substances. 

All satellite bands can be understood, accordmg to equation (1), only 
by postulating that, corresponding to a given type of excitation (K, L,, 
Lj, etc.), we have to take mto account either multiple values of Ifj., of 
W(E) or of both. If we exclude cases in which the material of the target 
is so modified or decomposed by the general bombardment in the X-ray 
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tube as to give spurious emission bands, we may distinguish between two 
olasses of satelhtes: 

(A) A subsidiary excited state W\ is produced, as well as the main 
excited state W% by the ionization process due to the impinging electron 
in the X-ray tube; or by a secondary effect after the initial ionization 
process. Into this class fall the satellite lines of onlinary X-rays, produced 
by original double ionization of the atom core; or, after an original single 
ionization, by tlie occurrence of an Auger process (see Paper I, § 8) which 
ionizes it again before radiation is emitted. All satellites of this class are 
very weak. 

(B) In the case of partly ionic compounds (and this includes nearly all 
chemical compounds) the number of valence electrons associated with a 
particular atom at any instant may not be a constant for all atoms. 
Under those conditions, multiple emission bands may occur. 

Underlying all coses is the possibility of variation in the munber of 
electrons in the emitting atom. Wo shall first calculate the values of 
for free atoms or ions. It is easily seen that 

= (<-««). (3) 

where is the nth successive ionization potential of the atomic system, 
is the ionization potential of the X-ray shell when all the n exterior 
electrons are removed, and ^ke nth successive ionization potential 
of the atom when an electron is missmg from the X-ray shell. An 
approximation to the values «' may be obtained by taking them to bo 
equal to the successive ionization potentials of the atom next higher in 
the periodic table to the atom considered. As an example, we may cal¬ 
culate, using equations (1) and (3), the difference m energy between the 
X-ray lines emitted by a negative ion and a neutral atom (e g the X-lines 
of F and F) We obtain 

W%-W- = ui-u„ (4) 

hv°— hv-= — (5) 

where is the first ionization potential of F“ and n, is the first ionization 
potential of F. The X-emission line for neutral F is displaced about 3 eV 
towards high energies from the line for F-. On the other hand, the change 
in the values of is much greater, namely, about 16 eV. The difference 
is due to the higher value of W (equation (1)) for F than for F“. 

When we pass to the case of the solid, wo must distinguish between 
two types of satellites, line satellites and band satellites, both of which are 
found in different instances. In order to understand the possibilities, we 
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must consider in more detail the structures of the intermediate excited 
state, and the final state W{E). The intermediate state is formed when 
an electron from an X-ray shell is removed by electron impact, a very 
rapid process requiring a time of the order of sec. At this moment, 
the valence electrons are subjected to an increased field of force, on 
account of the increased core charge. There appears to be two possibilities: 

( 1 ) The system of valence electron levels may be unaffected by the 
altered field of force of a single nucleus, and no now valence levels appear. 

( 2 ) The valence electrons associated with a particular atom may be 
‘sucked in ’ by the increased field of force to form sharp levels of ‘atomic’ 
character. 

We may call these 'non-atomic' and ‘atomui' tntermediate states. The 
atomic type of state may be expected m the case of very polar compounds, 
the non-atomic ty])c of state must certainly be assumed to occur in the 
case of metals. This is proved by the observed band structure of the L- 
satelhtes of the second group metals (Paper I, figure 6 ) These are of class 
(A) and correspond to the creation of two vacancies in the L-shell, one of 
which persists throughout the emission process. The observed radiation 
therefore corresponds to values of W^(^) in the case when an X«-electron 
is missing (as well as a valence electron) after the radiation is emitted. 
The fact that a band of radiation is found proves that the valence 
electrons in the neighbourliood of an fy-ionixed atom in a metal must be 
considered to belong to a band of levels, the same band, in fact, as exists 
throughout the lattice, in other words the valence levels of the L excited 
atom in the motAl are of non-atomic type. We may probably generalize 
this result to all coses of soft X-ray omission from metals. The vacancy in 
the X-ray shell merely causes a redistribution of the energies of electrons 
likely to be found in the neighbourhood of the emitting atom, electrons 
from lower levels of the band being heavily favoured. This redistribution 
is very well shown in the L satellite bands by the fact that they differ 
fixim the main bands by a considerably greater intensity of radiation of 
the lower energies, it is especially obvious in the case of Na. The present 
point of view* is the same as that put forward by Skinner and Johnston 
( 19376 ) to explain the results obtained on the soft X-ray bands emitted 
fix>m an element present as a dilute solid solution in another metal. 

* The opposite point of viow was put forward by Skinner (1932) to explain the 
foot that, whereas the value of W, for the free Li atom is 75 oV, the mean energy 
of the X-band omitted by Li metal is only 64 eV. The above argument, however, 
seems oonolusive; the energy difference must be explained by the redistribution of 
all the electrons m the neighbourhood of the X-ray excited atom towanls lower 
levels in the valence band. 
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Thus our discussion of these satellites of class (A) has led to the con¬ 
clusion that X-ray excited states of non-atomic character can exist, and, 
in fact, do exist in the case of metals. In the case of chemical compounds, 
we shall see that non-atomic X-ray excited states also occur, as might be 
expected; but in certain cases, atomic states also occur. When they happen 
they lead to the emission of satellites of class (B). 

In a partly ionic compound, for example, a fluoride, the number of 
valence dectrona aeaociaied with a particular atom in the crystal is not to be 
regarded as a constant, but as varying from time to time. Usually, the 
available valence electrons will bo found in the neighbourhood of the 
fluonne centres, which will therefore have the character of negative ions. 
Occasionally, however, an electron will ‘stray’ over into a neighbouring 
metal ion. Thus, at any given instant, a few neutral atoms of fluorine will 
exist in the lattice. Now, the process of X-ray excitation (in this case K 
excitation) by an impinging electron is so swift that there will not be time 
for a redistribution of the valence electrons to occur, thus either a fluorine 
ion or a fluonne atom may lose a X-electron. If the X-ray excited state of 
the neutral fluorine atom is non-atomic, the intermediate state will, m 
spite of this, always be the same For the valence-electron levels will not 
be affccte<l by the removal of a X-electron from either type of fluorine 
centre, and the electrons will distribute themselves around the K excited 
centre so as to give the minimum energy But, if the excited state produced 
by the removal of a X-electron from the neutral fluorine atom is atomic, 
then its valence levels belong to itself alone. They will he well below the 
levels of the general band in the lattice, and will form a set of sharply 
deflned energy. An electron from the rest of the material can only pass 
into them, thus altering the K excited state, by getting rid of energy by 
radiation or otherwise, a procoss requiring a tune at least as long as that 
needed for the omission of the X-radiation itself. The X-ray excited state 
produced by removing a X-electron from a neutral fluorine atom therefore 
remams, in this case, distinct in enei^y from that produced from a fluorine 
negative ion in the crystal. A subsidiary value of the excitation energy, W^., 
•will occur besides the mam value, IF®, and satellite radiation of higher 
energy than that of the mam band will be emitted. It can be seen that 
there is the possibility of the existence of such atomic excited states by 
imagining the crystal to become more and more ionic, until we almost 
reach the condition of an assembly of free ions in which there is only an 
occasional jump over of an electron into the positive ion. 

The band or line character of the satellite radiation will depend on 
whether the fluorine centre from which the radiation has been emitted has. 
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after the emission process, valence levels of non-atomio or of atomic type. 
ne neutral fluorine atom which was originally JC-ionized may end as a 
fluorine positive ion, with a valence-electron missing. Since this form of 
fluorine centre does not exist m the normal lattice, but has merely been 
created by the electron bombardment in the X-ray tube, its levels must 
certainly be atomic. On the other hand, it is possible to imagine that, 
during the actual emission-process, an electron from the general band of 
levels 18 drawn, without loss of enei^, into the neighbourhood of the 
emitting atom, and that the final state is non-atomio (corresponding to a 
single positive hole in the band of levels of the lattice). The deternuning 
factor would seem to be the velocity of interchange of electrons in the 
crystal The time of passage of a conduction electron fixim atom to atom 
in a metal is of the order of 10~“ sec., but it is clear that the time in an 
ionic crystal may be considerably greater. On the other hand, the time of 
the emission process is probably about 10 *® or 10~**8ec, being smaller 
for radiation of short wave-length. Thus the X-radiations of fluorine and 
oxygen, emitted from fluorides and oxides, lymg at the short wave-length 
end of our range, are favourable cases for the occurrence of line satellites, 
and we shall see that these actually seem to be found. On the other hand, 
the metal-ion spectra of the oxides lie m the region of long wave-lengths 
and show band satellites. The degree of polarity of the substanco is also 
obviously important as a determining factor. 

The result of this discussion may be summanzed as follows' 

(1) If, mnng to statistical fluctvaltons in the number of electrons associated 
mth a given atomic centre m a crystal, this centre can be excited for X-rays 
in two different tmys, m one of which it has valence levels of atotnic type, then 
sateUite emission of class (B) unU occur. 

(2) The sateUite may be either a line or a band, according to whether the final 
state, after the emissum of the radiation, /ms atomic or non-atomic character. 

The picture we have put forward has been built up from actual examples 
in order to provide the simplest possible foundation for understanding the 
considerable complexity of the results. It is perhaps crude and speculative 
in detail, but the existence of satellites and multiple banils seems definitely 
to imply a lack of uniqueness of the state of a partly polar compound when 
an electron is removed from an inner shell. 


4. Haudes 


The halides, especially those of the alkali metals, are the compounds in 
which the dissociation into positive and negative ions is most complete. 
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and the proportion of the binding energy due to electrostatic interionio 
forces is greatest. Nevertheless, we shall show that the effect of the lattice 
binding on the valence levels is considerable, especially for those salts 
with a comparatively large electron-density. 

We have seen m § 3 that the observed spectra represent the actual 
N{E) curves for the separated groups of « and p valence levels. Owing to 
the I selection rule and the fact that different types of spectra lie in our 
wave-length region for the different halogens, wo obtain in some oases 
data rclatmg to the s levels and m others data relating to the p-levels. In 
the case of chlorides, the L^- and I/3-spectra of chlorine both represent the 
3j»-levelfl. For the fluorides, we have the JT-spectra of fluorine, which give 
the band of the 2p-lovel8. For bromides and iodides, the strongest available 
spectra of bromine and iodine are and respectively. There are also 
weaker and A^jj-spectra (Siegbahn and Magnusson 1934&), but these 
are not of much interest from our pomt of view, since they are liable to be 
broadened by the Auger effects or (see Paper I, § 8). 

The //(j-spectra of ohlormo from several chlorides, taken from Siegbalui 
and Magnusson (1935), are show-n in figure 1, together with a new result 
of ours for LiCl. Our experimental equipment was not particularly suited 
for the chlorides, but we hope that this third-order spectrum is adequately 
resolved. It w’ill be seen that, except for LiCl and CsCl, the spectrum 
consists of four resolved lines. The lack of resolution m the case of LiCI 
is no more than would be expected from the greater breadth of the lines, 
but this does not apply to CsCl, for which two of the lines are almost 
absent. Leaving this peculiarity over for the moment, the results show 
that each of the Z/,- and Z/3-spectra consists of tiw lines, the distance 
between pairs corresponding to an (Lj-Lj) separation of 1-60 eV. These 
are marked, in a notation to be explained later, L* and Lg, Lg Smoe 
there is no obvious mechanism for splitting the « levels in a csubic lattice, 
the short wave-length lines of each pair must be identified as saielhten. As 
to the structures on the low-energy sides of the mam bands, although 
we cannot vouch for their complexity of form, there is reason to believe 
them to be genume. 

Four cases of fluorides, are represented in figure 2, which shows the 
first-order /f-spectra of fluorine. We give actual photometer curves, 
selected from several as characteristic, and inflexions such as those marked 
by letters have been verified.* The effect of an occasional spot on the 

* On account of the amoll scale of the reproduction, the feeble inflexions on both 
sides of the chief maxima of the curves for NsF and KF appear very slight, but 
are, nevertheless, genume. 
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photographic plate, which might be misleading, has been removed in the 
diagram. It will again be seen that, if the 2p-levelB form a simple band, 
then a part of the radiation marked K° must be set aside as a satellite. No 
low-energy bands of appreciable strength occur. 


'e : 3 ' 



m 180 183 cV 

Fioxibk 1 Chlorine Lj, baiuls from chlorides. 



Figure 2. Photometer reoonis of fluormo K-banda from fluorides. 
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Turning finally to the case of bromides and iodides, we are faced with 
a certain amount of apectrosoopio complication, since the spectra are of 
the type p^d. There are three allowed transitions, namely p\-*-d^ and 
Pi -*■ d| or d|. Statistically, these have intensities 2:4; 0 . First-order 
photometer curves of the Br radiation from several bromides, in¬ 
cluding AgBr on account of its photographic interest, are shown in figure 3, 
the ^gg-radiation of I from CsT is traced in on the same voltage scale. 
The result for KBr is slightly contaminated by fourth-order lines of K 
(marked K iv). It will be seen that the spectra consist of a number of 
“lines”, more or less overlapping. The case of KbBr has been given by 
Siegbahn and Magnusson { 19346 ), who have analysed the various tran¬ 
sitions involved. We believe that their analysis is erroneous, since it does 
not postulate a (pj-pi) spin-doublet separation for the levels of the salt 
which is even approximately equal to the known corresponding separation 
for the free bromine atom (0‘7 eV); we may remove an electron fiom the 
Br ion and leave the resulting atom in either p state. The details of our 
analysis are given in figure 4, in which the Jf^-speotra of Br and Rb from 
RbBr are traced on the same volt scale * It will be seen that the two are 
very similar and this is also true of the Wgj-spectra of I and Cs from Csl, 
in spite of a more pronounced difference in line widths. In the latter case 
also, the spin-doublet separation is correct, namely l’3eV, as for the 
iodine atom. Owing to the decomposition of the material of the target 
(§ 2 ), the Rb and Cs spectra come almost entirely from these elements in 
metallic form. But this makes little difference, smce we are concerned 
with transitions, not of the valence electrons, but of 4p or Sp-electrons 
which form a complete shell inside the valence-shell of the Rb or Cs atoms. 
Br and Rb, I and Cs, are, m the periodic table, only separated by rare-gas 
elements. Hence the structures of Br" and Rb+ should be very similar, 
differing only in absolute energy, the 4p-ievels being only weakly bound in 
the case of Br“ but bound with approximately 10 eV m the case of Rb+. 
The close analogy between the two spectra shows directly that, since the 
4ji-lovels of Rb+ certainly form a closed atomic group, the same applies 
to the 4p-levela of Br- in the solid. 

It will be noticed in figure 4 that, both for the Br and the Rb spectra, 
quite strong features (those marked ifjg) are omitted from our line analysis. 
These must be put down as satellite which are considerably stronger m the 
case of Br than that of Rb. Thus the j^-speotra of F in the fluorides, the 

* The inflexion corresponding to the transition p^->■d^ is weak, but we believe 
definite, for KBr and RbBr; for Csl, owing to the lai^r diflerenoe between the p- 
and d-doublets, it w qiuto evident. 
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l^-speotra of Cl in the chlorides and M„- and iyr 45 -speotra of Br and I in 
the bromides and iodides all show satellites which are exceptionally strong. 
The satellite of the Rb spectrum in figure 4 may almost certainly be 

i 

---AgBr 



- LiBr 



f, 

Fioctik 3. Photonn'tcr records of bromine mid lodino -bands 
from halides. 



Fioube 4 Rubidium and bromine -bonds from RbBr. 

described as a class (A) (§ 3) satellite due to double ionization of the 
emitting atom, probably by Jlf 4 B ->■ Auger transitions (Paper I, § 8) 
with the ejection of N electron. The much stronger Br satellite, like the 
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corresponding satellites of the fluorides, must be of class (B), that is an 
intrinsic property of the salt. Nevertheless, the analogy between the Br 
and Rb satellites shows that the systems from which they are emitted are 
similar; consistmg namely of complete shells with one and one N- 
electron missing. This gives support to our view that the Br satellites are 
to be regarded as emitted from netUral Br atoms m the crystal from which 
an Jffi'Olectron has been removed, and hence that these neutral atoms 
have a real existence m the salt. The satellites of the fluorides and chlorides 
must then be assumed to have a similar origin. Thus we may describe the 
main bands of figures 1-3 as 'negative bands’, since they correspond to 
the X-ray excitation of negative ions, while the satellites may be called 
‘ neutral ’ radiation. This is the reason for our symbols K^, K^, Lj, L\, etc., 
marked on the diagrams. 

A certain amount of confirmation fur this view may perhaps be obtained 
by applying the free atomic formula (6). This gives the values 2-9 ami 2-1 eV 
for the energy separations of lines emitted after X-ray excitation of negative 
ions and neutral atoms of fluorine and bromine respectively. The observed 
separations in the salts are 3'7* and 1-9 eV. The corresponding calculation 
for chlorides cannot be done, since the energies of the 3s electrons are not 
known. 

The satellite bands of the fluorides are considerably narrower than the 
main bands. Companson with the X-spoctrum of oxygen from CaO (§ 6) 
leads one to assume that they may well consist of a pair of rather sharp 
lines, in fact, some traces of doublet structure can probably be seen in the 
observed curves. The lack ol resolution is very likely experimental. It 
seems fairly sure that we have here a case of the line satellites discussed 
in § 3. The doublet character ivould then bo explained as due to the 
possibility of singlet and triplet X-spectra for an atom such as neutral 
fluorine. When a X-eloctron is removed, we have two positive ‘holes’, 
both in the intermediate excited and final states, and the interaction 
between these will give rise to spectroscopic term-multiplicity. The observed 
separation of 1-2 eV would seem to be of the right order of magnitude. 
For the bromides, the satellite may also be taken as a line satelhte; there 
is no definite indication of terra multiplicity here, but this might well 
be lost among the complexity of the transitions For the 

chlorides, the main spectra as well as the satellites may probably be 
regarded as consisting of lines, since the Ss-levels are anyhow of more or 

• For the oxidee, the calculation gives OeV, instead of 2 eV. Wo do not know 
what reliance can bo placed on the ionization potential of fluorine, which is involved 
m botli oases. 
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leas atomic character. The structure seen at the high-energy end of the 
bands of KCl and RbCl is possibly a complication due to term-multiplicity. 

It will be noticed that the strength of the line satellite depends markedly 
on the metal ion in the crystal. Thus the satellite is weak for KF, and 
almost non-existent for CsCl. On our view of § 3, the strength of the 
satellite radiation depends on the number of negative ions firom which, at 
a given instant, an electron has ‘strayed’ away to a neighbouring positive 
ion. This will obviously vary with the character of the positive ion, and in 
general will be least for the halides which have the most markedly polar 
structure. 

If we wish to obtain the /(A’) curve for the main band, in order to 
determine according to equation (2) the N{IS) curve for the band of levels 
involved, the lino satelhtes must be eliminated. This is easily done, but 
we also have to consider the projections of the observed curve which 
occur at energies higher than that of the satellite The question is whether 
these also are to be rejected os satellites of some sort, or are to lie con¬ 
sidered as parts of the main band We think that the second alternative is 
the correct one, this is largely baserl on the analogous case of the oxides 
and the reasons will appear in the next section of the pajier. On this 
assumption, the N{E) curves for thep-bands of valence-electron levels in 
various fluorides and bromides have been drawn in figure 6, together with 
curves fur the 3s-bands in some chlorides which, in contrast to the others, 
appear simply to have the form of broadened lines The p-bands have 
total widths which may seem surprisingly great. In fact, we have been 
very unwillmg to recognize the existence of such wide bands and have 
only been forced to admit them because every alternative hypothesis seems 
unlikely. The band widths arc, however, considerably less than the values 
found for certain solid elements which have comparable valence-electron 
densities and the main parts of the Nj,{E) curves are confined to a com¬ 
paratively small energy range, the total width being made up by weak 
projections of the bands towanls high energies. Certain structure effects, 
marked by letters on figure 6, are evident in the case of the fluorides, in 
the case of the bromides, we have retained, in figure 5, the (4pj —4pj) 
spin-doublet separation, since this has a real existence in the solid. For 
the 3s-bands of the chlorides, no sign of structure has been indicated in 
the bands, although some might possibly exist for KCl at the high-energy 
end of the band. 

The explanation of the weak low-energy bands of the Z/jg-spectra of Cl 
from chlorides (figure 1) must be left open. But, since similar structures 
seem to exist in the Lg-spectra of sulphur from the sulphides (§ 6), we 
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may suggest, as a possibility, bearing in mind the faot that tran¬ 
sitions may have a low absolute probability, that they are due to double 
transitions. One transition would be the ‘forbidden’ 3p-*-2p, while 




FinuBK 6 Photometer records of K-bsnds of oxygen from vanous oxides. 


the Other would consist of the formation of an ‘exciton’ (Mott and 
Gurney 1940 ). This would leave the system, after the emission of radiation, 
in an excited state corresponding to an alternative value of If’ (E), (equation 
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(1)) and would appear to give an energy of the right order of magnitude. 
The low-energy bands of the Z/^-spectra of Si from SiO, (figure 8) and of 
sulphur from sulphides (figure 7) may perhaps have a similar origin. 


n. Oxides 

For a number of oxides, we have l>een able to obtain the soft X-ray 
spectrum of the metal-ion, as well as the A'-spectrum of oxygon. For the 
present, however, we shall leave the metal ion out of account. The oxides, 
in general, must be considered to be less polar compounds than tlio 
halides; the O'" ion, in the free state, is unstable, and it is doubtful whether 
we can suppose that it has any real existence in the lattice. As we shall 
see, oxides vary considerably in polarity, but, from the spectroscopic 
point of view, the negative charge on any oxygen centre does not seem to 
exceed one unit. The oxides are only jiartly polar compounds, the homo- 
polar component of their binding being often strong. 

A number of first-order A-bands of oxygen from various oxides are 
shovn in figure 6,* some remarks on the construction of this diagram 
have already been made in § 2 They fall into two groups, in the second 
group the curves show a more or loss resolved line doublet on the high- 
energy side of the peaks. The fact that MgO and ("aO have the same 
crystal structure shows that this is not the distinguishing factor between 
the two groups. It is therefore very difficult to account for the difference 
between the two groups except on the assumption that the lino doublet is 
a satellite, such as we have postulated for the halides. And indeed the 
form of the A-bands of oxygen from these oxides is very similar to that 
obtained for the A-bands of fluorine from the fluorides. Compare the 
features marked by letters on the curve for CaO with those marked for 
LiF on figure 2. 

We shall therefore proceed on the assumption that the observed doublet 
18 a line satellite, the doubling being due to the multiplet sphtting of the 
A-spectrum, in this case probably into the doublet and a quartet spec¬ 
trum corresponding to a complete shell with three missing electrons The 

* See also the recent paiier of Tyrdn (1939) which f^ives many of tlieae results 
Indeed, his better resolving jxiwer shows itself espiecially m the sharpness of the 
double peaks on the high-energy side of the maxima for CaO, SrO, llaO, which we 
have resolved only for CaO. Tyr6n mterprets the peaks of the curves as a sot of X-ray 
ImoB, on the analogy of hard X-rays. It is obvious that this is moonsistont with the 
standpomt of the present paper. We found no sign of a diCTuse subsidiary band at 
24,44 A, reported by Magnusson (1938) and others. If genuine, it must have a very 
low intensity. 
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distinction between the two groups of oxides is mainly due to the lower 
electron density in the latter group which makes them more polar com¬ 
pounds, like the halides (see § 8 ). We must assume that, for the first group 
of oxides, in spite of the fact that the number of valence electrons asso¬ 
ciated with a particular oxygen centre is not a constant, no intermediate 
K excited state of atomic character (§ 3) con exist, while for the second 
group, such atomic K excited states do occur. They are probably to be 
regarded, as we shall see m § 7, as due to the possibility of the momentary 
existence of neutral atoms of oxygen in the crystal, owing to the straying 
of electrons away from the negative ions. The total intensity of the 
satellite lines is, in the case of CaO, about 6 % of the intensity of the main 
hands. We may therefore assume that at any moment, at least 6 % of the 
oxygen centres are atoms. We only obtain a minimum estimate because 
of the possibihty that transitions of valence electrons may destroy the 
atomic character of the K excited state (§ 3).* 

It might be thought that certain features of the spectra of the first 
group of oxides ought to be regarded as satellites. The line satellites of the 
halides and those of the second group of oxides have been identified by 
tlieir common characteristics; the energy separation from the main band 
IS constant in a group and the form of the curves similar It is seen that 
there are no such common features among the curves of the oxides of the 
first group, and thus there are no line satellites. But the further question 
arises of whether the weak high-energy parts of the curves of both groups of 
oxides should bo taken os band satellites, of which we shall give examples 
m § 7. There is no obvious resemblance, but this might be due to their 
faintness in the present case A band satellite may be expected to be 
considerably further from the main peak than a line-satellite, in fact, 
according to equation (4), the separation would be about 16 eV. This 
probably cannot be trusted But, to take a particular case, the feature fr' 
of the curve of MgO (figure 0 ) is separated from the mam peak by a different 
energy from that of the apparently corresponding feature O of CaO. The 
feature F of MgO has no counterparts on the curves grouped below it. 
Also F, and in fact all the features of the A-spectrum of oxygen firom MgO, 
appear to be reproduced, as we shall see in § 8 , in the /y„- 8 pectrum of Mg 
emitted from the same compound. Thus, although this evidence cannot 
perhaps be regarded as conclusive, it seems that no pari of the observed 
K-spectrum of oxygen from MgO ts to be xdenttfied as a satellite. If this is 

* However, the Lu-spectniin of Ca in CaO, obtained subseijuently to the work 
described ui this paper, can probably be interpreted as showing that the separation 
into ions, singly charged, is nearly complete. 
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granted, it appears to follow by analog that there are no band satellites 
in the oorves of the oxides of either group, and also in those of the fluorides 
(figure 2). This is the evidence on which the long high-energy projections 
of the halide bands have been included in figure 6. Also, on this biuds, 
the curves of figure 6, with the line-satellites eliminated firom those of the 
second group as indicated roughly by the dotted lines, represent directly 
the N{E) curves for the 2p-bands of levels of the various oxides, according 
to equation (2). We shall, in § 7, describe results which are interpreted as 
giving the 2«-b8uid8 of some of these oxides, and a discussion of the various 
band forms will follow in § 8. 


a. SutpmoKS 

Since sulphur is the homologuo of oxygen in the next group of the 
periodic table, it is convenient now to consider the case of the sulphides, 
which resemble the oxides. The advantage of this is that for the oxides we 



Fioube 7. Sulphur L„ radiation from sulphides. 

have only the iC-spectra and these give information only about the p~ 
levels. On the other hand, for the sulphides, we have L^-apectrek, giving 
information regardmg s- and d-levels (equation (2)). Unfortunately, the 
A-spectra of the sulphides lie in the region of short wave-lengths (about 
6 A) and have not been observed. 

Photometer curves of three examples of sulphides are shown in figure 7. 
Since they are taken from spectra of first and second order, they have been 
traced on the same volt scale. The most striking characteristic is that, 
unlike the oxides, the sulphides have bands consisting of two parts. The 
high-energy part is weak and shovra signs of structure, while the low- 
energy p*urt is strong and relatively formless. The separation between the 
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two parta is about 11 eV, and the band-width of each is of the order of 
10 eV. The (L,-Z,) separation for sulphur may be noticed in a sharp fall 
of the intensity at the high-energy end of the stronger band of ZnS, which 
shows clearly double. The other sulphides do not show this peculiarity. 

On account of the selection-rule, it seems certain that we must identify 
the main band of the (or 2p) spectra as representing the as-band of the 
sulphur ions. The high-energy band must probably be interpreted, not 
as a satellite band, but as representing a few levels with wave functions 
most likely of 3d-type, which are to be found in the band of levels whose 
wave fimctions are mainly of 3p-type and so do not show in the spectrum. 
This band therefore corresponds to the band of the iT-speotrum of oxygen 
fix)m oxides; there is nothing in the latter corresponding to the main 
sulphide band, since 23-* Is transitions are forbidden. Though it is weak, 
and so perhaps some details may have been missed, the high-energy band 
of the sulphide spectra show the same kind of intricate structure found in 
the A'-spectra of the oxides. The main band is, on the other hand, except 
in the case of Zn8, completely formless; and even for ZnS, it is formless 
except at its high-energy end. The reason for this peculiarity is rather 
obscure; it may be that a few 3d-levols are mixed in the 3s-band and that 
the sharp features of the main band represent these. This would mean that 
the interaction is greater for ZnS, and makes its spectrum tend to resemble 
that obtained from the element sulphur, for which all the levels are more 
or less admixed and cover the range of both sulphide bands (see Paper I, 
§ 6 ). 

The most obvious feature of the Ss-bands of the sulphides is their shape¬ 
lessness. This has to be explamed, since there seems to be no reason why 
the effect of the lattice should not show itself in a characteristic structure 
of the 3«-band, just as for the 3p-band. Wo therefore need a mechanism 
which both smears out the structure of the 3s-band and broadens it. 
Fortunately, a similar smearmg-out of the features at the low-energy end 
of the observed bands of metals and element-insulators has been described 
(Paper I, § 9). The mechanism used to explain it is an Auger effect in which 
an electron in a level near the top of a band of levels may make a transition 
into a vacancy near the bottom of the band. Owing to this possibility, the 
state which corresponds to a vacancy near the bottom is broadened, and 
the resulting width at half-maximum is shown to be of the order of 1-2 eV. 
In Paper I, § 8, it was also shown that the 2«-level8 of Mg and A1 (which 
are ‘inner atomic’ levels, not valence-levels) are broadened to the extent 
of about 2 eV by the possibility of Auger transitions from the 2p-levels 
into them, with the ejection of conduction electrons. The case of the 3«- 
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levels of sulphur in sulphides (and also that of the 2s-levels of oxygen in 
oxides) lies intermediate between these two examples of level-broadening, 
and we have every reason to expect a similar effect. The broadening can 
only be guessed, but certainly a level width of the order of 2 eV may 
be assumed. This would have the required effect of smearing out any 
characteristic structure of the bands, and would account [as in Paper I) 
for the ‘tailing’ of the bands towards both low and high energies. A 
has been emphasized in Paper I, this broadening of the levels must not be 
considered as a spurious effect. The Auger effect is one of the important 
causes of the spreading-out of sharp atomic levels into a band in the solid. 
But it is an effect not taken into account in theories of the solid state, 
and so has to be separated out if one is thinking only in terms of the 
interaction between neighliouring atoms In contrast to those a bands, 
the 2p-band8 of the oxides and fluorides are remarkably free from any 
effects of level broadening This is probably due to the fact that the only 
possible Auger transitions within these bands would bo of the typo p -*■ p, 
and those may well bo very improbable. 

In the following section of the paper, we shall show that the assumption 
that the 2s'band of levels in an oxide has properties similar to those of the 
3s-band of a sulphide is supported by strong indirect evidence. 


7. MbTAL-IOX SrEOTEA FROM OXIDES, BTO. 

So far, we have only made a bare reference to the metal ion K- and L^- 
spectra which are available for BeO, BgO,, MgO, A1,0, and SiO,. We also 
have spectra of both components in the coses of BN and SiC For most of 
these compounds, the spectra show a high degree of complexity, thus the 
JiT-spectra of the metals in BeO, BgO, and Al^Og* consist of three very well- 
marked distinct bonds, the weak low-energy band being probably a 
duplicate of the main bond; while the L„-8pectrum of Mg in MgO presents 
an obvious case of band duplication. 

The curves are shown m figure 8, and the A-spectra of the relevant 
negative ions have been traced m, in on arbitrary position on the voltage 
scale. The relative positions of the corresponding bands from the pure 
metals are indicated by the emission edges or ‘false edges’ (Paper I, § 0). 
In the cases of MgO and Al^Og, there seems to be an identity of the 

* The detail observed at the high-onorgy end of the other K'-bands is musing m 
this cose. The radiation investigated by Karlsson and Siegbahn (1934) lies at a 
short vrave-length (8 A) and it u possible that the experimental resolution was not 
adequate. 
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charaoteristics of the JT-band of oxygen with each separate part of the L^- 
speotra of the metal ions; this is most evident for and in spite of the 
fact that we were obliged, owing to teohnioal difficulties to rely on rather 
weak spectra, the apparent identity was carefully checked naing several 




Fionas 8. Spectra of the two component atoms of a compound arc drawn on the 
same diagram, for example O K atanda for tho iC-apeotrum of oxygen. Daahod curves 
are from Karlason and Siegbahn (1934), that for MgO being less rohable, since they 
give no photometer trace. Dotted portions of the curves mdicate uncertainty. The 
zeros of the energy scales are arbitrary. Wave-lengths of charaotenstio features of 
the bands are indicated. 



The soft X-ray spectroscopy of solids 253 

exposorea. In the cases of BeO, 8,0, and BN,* a sort of correspondence 
between the iC-spectra of the negative ions and the high-energy part of 
the X-speotra of the metal ions is established. In the remaining oases, 
there is no very obvious correspondence. 

Let us first consider the case of a typically homopolar compound SiC. 
We have the X-spectrum of C and the L„-spectrum of Si. If the compound 
is strictly non-polar, with one band of valence levels held in common by 
all the lattice points, it is clear that one can expect no more resemblance 
of form between these spectra than is found in the K- and L*,-spectra 
from the respective elements, diamond and Si, which have the same 
crystal structure. In Paper I, § 10 , it was shown that there is no very 
obvious similarity between these spectra, a fact interpreted, according to 
§ 3, by saying that the if-spectra give and the Z/Q-spectra N^+a{E), 

and that the overlapping systems of (s+d) and p-levels have quite different 
characteristics. So, in SiC, we cannot expect any particular similarity 
between the K curve of carbon and the i/„ curve of siUcon, apart from 
an identity of band width. If the if-spectrum of Si were available, it 
would no doubt show features nearly identical with those of the /C-spectrum 
of C. 

The remaining C 4 i 8 es of figure 8 are examples of scmi-polar compounds, 
though the characteristics of the bands of SiO, show a cortam resemblance 
to those of the homopolar SiC. We shall return to this exceptional oxide 
subsequently; for the present we shall deal with the other cases which all 
show similar features. Of all the properties of soft X-ray bands dealt with 
in Paper I or in this paper, those of the metal-ion spectra of these semi- 
polar compounds 8 U% the most complex. Nevertheless, as stated above, we 
have several general conclusions to draw upon, and it seems worth while to 
put forward the following suggestions. 

From what has been said in §§ 5 and 6 , we may take the system of 
valence-electron levels in the oxide as known, at least provisionally. It 
consists of a band of 2p{0) levels, of the order of 13-20 eV in width with 
an intricate N{E) curve; and, only slightly overlapping it, a band of 2«(0) 
levels about 10 eV m width and of a formless structure. Ignoring for the 
moment the observed band duplication, the similar forms of the Mg 
Z(, 3 - 8 peotrum and the if-spectrum of oxygen in MgO show conclusively 
that in this case we have to deed ivUh the effect of aymmetry-intereluinge of 
wave-functions, already referred to in § 3. Tliose levels of the lattice which 
have 2p character when referred to the oxygen centres, have 3s character 

-• It was not found possible to obtain spectra of BN free from B,0„ and the bump 
on the curve at 33 eV is almost certainly duo to the latter compound. 
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referred to the Mg centres; and though less distinctly seen, the L„-8peotrum 
of A1 in AlfO, shows similar characteristics. On the other hand, the K- 
spectra of Mg and A1 in their oxides, as well as the similar, but more 
accurately observable ii-spectra of Be and B in BeO and B,0, show 
different peculiarities. The main feature of the band (whose duplication 
at lower energies will, for the moment, bo ignored) is a formless structure, 
almost certainly to be interpreted as the 2«(0) band which, owing to the 
selection rule, does not show in the if-spectrum of oxygen. We have there¬ 
fore another case of the symmetry-interchange effect, the 2s(0) wave- 
functions becoming, for example, 2p(Be) wave functions. But this is not 
all, at higher energies in the observed if-spectra, we have weak structures 
which show aome of the properties of the oxygen if-spectra. Hence we 
must assume that some of the 2p(0) wave functions correspond to 2p(Be) 
wave functions, the probability of such a correspondence being however 
small (of the order of 10 %). Also, in order to explain the distortion of the 
oxygen /f-spectrum in the metal ion if-spectra, one must postulate that 
this probability is a function in general decreasing with the energy E of 
the level concerned, but perhaps also depending on the character of the 
wave function giving rise to the level. 

The substance Si02 shows different, and in some respects opposite 
properties. The f/n-spectrum of Si shows little similarity with the relevant 
if-spectrum of oxygen, though perhajm some correspondence can be traced 
at the high-energy ends of the bands. In any case, there are many 3«(Si) 
levels which do not correspond to 2p(0) levels and therefore presumably 
must correspond to 2«(0) levels. The Z/js-spectrum of Si in SiOj may pro¬ 
bably be compared with the if-spectra if the metal ions in the other 
oxides dealt with, except that there is more overlapping between the parts 
of the band which appear to correspond to 2a{0) and 2p(0) levels. Further, 
a private communication of Dr Farineau indicates that the if-spectrum of 
Si in SiO, is very similar to, or identical with, the oxygen if-spectrum. 
We may therefore conclude that in SiO,, the symmetry character of a 
wave function of given energy near the Si nuclei is mainly the same as it is 
near the O nuclei.* 

If our analysis is correct, we may conclude that the main bands of the 
£^-8pectra of the metal ion in BeO, B,0„ MgO, represent the bands of 
2s(0) levels. Like the Ss-bands of the sulphides, these are wide and diffuse; 

* Subsequent experiments indicate that CaO and TiO, are rather similar to SiO, 
in this respect. On the other hand, unlike SiO|, they show high-enefgy satellite 
bands, as do also the oxides of the Fe-group, Cr, 0 (, MnO| and Fe, 0 , (see Owinner 
(1938) for the latter). 
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they are separated firom the mean energies of the 2p-bands by 11 or 12 eV. 
The values for AlgO, luid for the corresponding separation in BN are 
smaller, namely, about 7 or 8eV and the separation of the 2s{0) and 
2p(0) bands in SiO, is probably only about 6 eV. Though no accurate 
data exist, the separation of 2«- and 2p-level8 in the im oxygen atom is 
thought to be about 8 or 10 eV 

We must finally consider the band-muUiplicity which is shown by all 
the substances represented in figure 8, with the exception of SiC. It is 
difficult to resist the conclusion that we are dealing with cases of band 
satellites, in the sense of § 3, in which the intermediate X-ray excited state 
is duplicated, but the final state is always the same and is formed simply 
by the removal of a valence electron from the general band of levels in the 
crystal. The great strength of these satellites shows that they must un¬ 
doubtedly be of class (B). It may be noted that none of the substances 
represented in figure 8 have any satellites of their oxygen, etc., X-spectra. 
This meems that secondary intermediate states of atomic character can 
often exist for the metal centres, without corresponding intermediate 
states being possible for the oxygen centres. 

In the cases of MgO and Al^O, the main bands of the Irgg-spectra of the 
metal ions lie in approximately the same position in the spectrum as the 
ijj-bands from the corresponding elements. Since the 2p(0) levels are 
bound with about the same energy as the conduction electrons in the 
metals, this means that the structure of the intermediate state is similar in 
the metal and in the chemical compound. Hence, in a rough sense, we may 
probably conclude that the emission of these main bands is from centres 
which, before the removal of an Zi-eleotron, were originally ‘neutral 
atoms’, not 'positive ions’. On the other hand, the satellites of these 
bands will correspond to emission from positive ions. This reasoning 
cannot be apphed to the X-bands of BeO, B,0„ BN, MgO and A1,0„ 
because hero we are dealing with transitions from the 2«(0) levels, which lie 
compeuatively low. Hence one may expect a shift of the bands which 
correspond to emission from neutral atoms of the order of 10 eV towards 
lower energies as compared with the X-bands of the respective elements. 
The weaker low-energy bands are therefore, for these substances, those 
which correspond to emission from neutral atoms, while the bands which 
lie in about the same position as those emitted from elements actually 
correspond to emission from positive ions. 

In this sense, we may say that oxides like BeO uid MgO are substances 
composed of a mixture of neutnd atoms and singly-positive and negative 
ions. The number of electrons associated with a Mg or Be centre is probably 
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either one or two, and we have a etatistioal distribution of oenties of these 
kinds. This appears to indicate a strong non-polar constituent in the 
binding of these oxides. 

There would seem at first sight to be two difficulties in this point of 
view: the first is that the energy separation of the main and satellite bands 
in the case of is different for K- and Ln-spectra. This is probably due 
to the fact that the screening of the nuclear charge by a K- and an L~ 
electron are not the same, and therefore the two values of 1^ (equation (1)) 
differ by less for an /(^-spectrum than they do for a JT-spectrum. The 
second difficulty is that the ratio of the intensities of the two bands which 
correspond to emission from neutral atoms and positive ions is not the 
same for a and an L^j-spectrum, the neutral band being relatively much 
stronger for the latter. But it must be remembered that the emission of 
radiation is not the only process by which an atom can get rid of the 
energy of excitation,* and thus the relative intensities of the observed 
bands do not necessarily represent the relative numbers of the two kinds 
of X-ray excited atoms. Thus we can only conclude that the mean number 
of electrons associated with a Mg centre in MgO lies between about 1/3 
and'3/4 and is probably of the order of 1/2. The other oxides represented 
in figure 8 seem to be similar, again with the exception of SiO,. The L^- 
spectnun of silicon from this substance occupies almost exactly the same 
spectrum range as that from the pure element; there is no high-energy 
band at all. This does not necessarily mean timt quartz is non-polar. It 
means simply that only one X-ray excited state exists, and this may be 
interpreted according to § 3 in saying that no intermediate state of atomic 
character can occur. Nevertheless, as already emphasized, the band of 
quartz is very Bimilau to that of a covalent compound. We have previously 
suggested that the weak band of low energies, which might be taken as 
due to a few negative ions of 8i, may really have an origin similar to that of 
the low-energy bands m the />B-apeotra of the chlorides. 

We may summarize this intricate discussion of the evidence provided 
by the metal-ion spectra in stating that they appear to show 

(1) That the 2s(0) bands of the oxides appear to be, like the 3s-bands 
of the sulphides, diffuse and fairly wide. Except in the case of SiO,, they 
are separated from the 2p(0) bands by an energy interval of the order of 
10 eV. 

* For example, radiation from the neutral K excited state Mg (l«.2«'.2p*.3«*) 
might be assumed relatively improbable owing to the selection rule, the excess 
energy being usually taken away by an Auger process with the ejection of a 3«- 
eleotron. 
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(2) The oompounds show the symmetry-interohange effect (namely 
that a wave-function which has s-like symmetry near one type of centre 
in the lattice may have symmetry of j>-type near the other type of centre) 
in more or less degree. The effect is small in the case of SiO„ considerably 
greater for BN and AlgOg, and greater still for the remaining oxides BeO, 
MgO, B,0,. 

(3) The dupUoate character of the spectra is explained by assuming 
that the atoms which emit the radiation are not all the same. In con¬ 
junction with the results of §§ 4 and 6, this leads to the general conception 
that a semi-polar compound is to be regarded as an assembly of ions and 
atoms, the charge on any centre being liable to change in a time of the 
order of 10““ sec. The halides consist mainly of negative halogen ions and 
positive ions with an admixture of a few per cent of neutral atoms, which 
represent the covalent constituent of the binding. The oxides consist of 
singly negative ions and corresponding positive ions, but there seems 
usually to be a fairly strong eidmixture of neutral atoms, except in the 
case of the oxides of lowest density, like CaO, 8rO and BaO, which appear 
to be built up very similarly to the fluorides, with a polarity corresponding 
to nearly one electron-charge. The fact that they have exceptionally high 
refiractive indices in relation to their densities is perhaps (xinnected with 
their greater degree of polarity. At the other end of the scale, the oxide 
SiO| has spectra similar to those of a covalent compound like SiC. 


8. OEKBRAli FBOPBBTIKS OF THE BANDS 

We shall now attempt to draw a few conclusions firom the forms of the 
observed bands. In tables 1-3, we give the band-widths of the p- and a- 
bands of the various compounds mvestigated. Table I gives the values for 
the 2p-bands of the fluorides and for the 4p-bands of the bromides, table 2 
those for the 2p-band8 of the oxides and table 3 those for the 2s- and 3s- 
bands of the oxides, sulphides and chlorides. The somewhat arbitrary end¬ 
points chosen have been, where possible, indicated by dots on the photo¬ 
meter-curves (figures 2, 3, 6 and 7). The points at the high-energy ends of 
the p-bands depend, of course, on our assumption of § 6 that the weak 
observed projections are not satellites. If this is wrong, the band widths 
for the fluorides would have only about half, and the other oompounds 
upwards from two-thirds of the values listed. The methods of defining 
the end-points at the low-energy ends have been discussed in Paper I, 
§ 10, where it has been pointed out that, when there is ‘tailuig’ of the 
bands, an arbitrary definition is needed. The tailing of the p-bands is 
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certainly small, and so vre have measured practically to the extreme limits 
of the curves. But, as we saw in § 6, it is large for the a bands, and we have 
extrapolated their linear portions to zero to get the low-energy end-points. 

The high-energy ends of the s-bands (except for that of ZnS) seem also 
subject to the tailing, and the widths given represent values in which this 
effect has been largely eliminated. We give also, in the tables, values of the 

Table 1. 2p-band8 of jiuorides and 4p-band8 

OF BROMIDES, ETC. 

Compound LiF NnF KF MgF, LiBr VuBr KBr BbBr AgBr Cal 
Lme-width, oV 2-7 2 0 1-7 3-1 1-2 0 75 0-56 0-45 M 0-7 

Band-width, eV 18 16 16 19 >7 6 6 6 1 6-6 >7 6-6 

Soinmorfold band¬ 
width 21 17 14 20 11 0 8 8 10 7 

p 70 48 3 6 6-3 2-6 20 1-6 1 6 2-3 IS 

Table 2. 2p-BANDS of oxides, etc. 

Compound Li,0 BoO B,0, MgO A1,0, SiO, CaO FeO ZnO SrO BaO BN 

Lino-width, eV 2 7 6 6 3-6 5 6 4 0 4 0 2-2 4-3 3-0 2-0 2 2 5-0 

Band-width, «V 16 23 19 21 21 20 15 19 18 14 14 20 

Sommerfeld 

band-width 17 22 17 19 20 18 16 18 17 14 13 18 

p 4-8 7 4 4-8 6 0 6-6 6-3 4 4 5 3 4-7 3-7 3-3 6'7 

Table 3. 2«-band8 of oxides, etc , Sa-bands of sulphides and chlorides 

Compound BeO B,0, MgO AI,0, BN MnS CHi,S ZnS LiCl KCI BbCl CsCl BaCl, 
Lme-width, 

eV 8 9 7 8 10 3-7 3 2 3-8 1-3 0-66 0-66 0-70 1-0 

Band-width, 

eV 12 13 10 13 14 7-6 7 0 8 0 — — — — — 

Roininerfeld 

band-width 11 8 5 9 6 10 9 0 6-8 6 0 6 4 6-8 4-2 4 1 4-4 5 1 

p 7-4 4-8 6 0 6 6 6 7 3 0 2-4 2-7 3 0 1-9 1-8 2-0 2 5 

‘line widths’, namely the vridths of the bands at half of the maximum 
intensity, as is usual in measuring broadened spectrum lines, in the case 
of bromides, these refer to one line of the p-doublet. Especially for the 
A-bands, these can be more accurately determined than the full band 
widths. The quantity p represents the density of oxygen, halogen, or 
sulphur atoms in the crystal, it has usually been calculated from the 
lattice-constant, the volume of the spheres occupied by the positive ions 
as determined by crystallography being subtracted firom the total volume. 

In the cases of the more complex oxides and of the sulphides, p has been 
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calculated from the actual density, and the small correction for the size 
of the doubly positive ion (which anyhow is of doubtful significance) has 
merely been estimated. In this way, by allowing 6 electrons per negative 
ion in a p-band and 2 electrons per negative ion m an «-band, we obtain 
at least a rough value for the effective electron-density. So we are able to 
calculate the Sommerfeld band-width according to the crude ‘electron- 
gas ’ theory of solids. This quantity, though certainly not strictly applicable 
in the case of insulator-bands, yet provides a standard against which the 
measured band-widths may be compared. We have shown in Paper I, § 10, 
that, in the case of simple crystal structures, the Sommerfeld values are 
never very far from the real band widths of the element insulators, but 
are always somewhat smaller. It will be seen that it gives a close approxi¬ 
mation to the 2p-band-widths of most of the compounds, thus showing 
generally the effect of the electron density. In fact, the results show that 
valence electrons must move in a semi-polar compound with velocities 
almost as great as they do in a metal. They probably move from negative 
ion to negative ion, the positive ions being more or less insulated, but the 
very low intensities at high energies of the bands of the more ionic com¬ 
pounds show that the number of electrons with large energies is very small. 
The results for the ^-baiids are not accurate, but those for the chlorides 
show that these bands too are sensitive to the electron density. It is rather 
surprising that the 2«-bands of the oxides and the Ss-bands of the sulphides 
are wider than calculated; it might be thought that these bands of levels, 
which we have shown to lie about 10 eV below the correspondmg p-bands, 
would be narrower. But in fact, the tables suggest that the interaction of 
the 2«-electrons in neighbounng atoms is even greater thui that of the 
2p-electrons. 

The 2p-bandB of the oxides and fluorides show different forms. One 
would expect these to be related to the crystal structure. After an initial 
rise as at the low-energy end (Paper I, § 9), the bands may be expected 
to be built up of a series of ‘peaks’, corresponding to characteristic 
energies of reflexion of electron-waves by sets of planes in the lattice (see 
Paper I, §§ 3 and 10). The complicated internal structure of the Brillouin 
zone which contains eight electrons implies that there will bo a number of 
overlapping peaks in the curves for the halides and oxides, as indeed 
is observed. Glancing at the curves for oxides (figure 6) one would be 
tempted to distinguish BjO,, A1,0,, SiO, and ZnO from the remainder on 
account of the shape of their curves. These all have, except for B,0, 
whose structure is unknown, various forms of hexagonal structure, while 
the remainder, except for BeO, are cubic. The case of BeO raises a difficulty, 
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ainoe its stnioture is given as close-packed hexagonal, like ZnO. Since the 
energy difference of a cubic allotropio modification (like MgO) must 
certainly be small, we think it is fairly safe to assume that our finely 
ground powder was either cubic, or was rendered so by the electron bom¬ 
bardment in the X-ray tube, perhaps simply by becoming hot. 

From the fluorides, the tetragonal MgF, can perhaps be picked out by 
a difference in the number of the inflexions (figure 2), although this is not 
certain. The remainder have face-centred cubic structure, and thus are like 
MgO, CaO, SrO, BaO, and, with the above assumption, BeO. We have 
emphasized the similarity of their 2j>-bands by the lettering on figures 2, 
5 «uid 6. But they are not edl identical in the intensity of their inflexions. 
Thus MgO, NaF, and KF have a strong ‘shoulder’ of each side of the 
peak (features marked B and £) while BeO and LiF have one only, B; 
and, in the cases of CaO, SrO and BaO, the shoulders are hardly visible at 
all. These differences are not due to experimental error, and so must repre¬ 
sent a genuine influence of the nature of the compoimd. It must be re¬ 
membered that, as in the case of X-ray diffraction, the intensities of 
reflexion of electron waves will depend on the nature of the metal ion 
forming the compound. Thus identical bands cannot necessarily be ex¬ 
pected from substances with the same crystal structure. One might con¬ 
sider that the pairs MgO and NaF, BeO and LiF would have bands very 
similar to one uiother, on account of the fact that the atoms forming them 
are neighbours in the periodic table. And indeed, a close examination of 
the curves shows that the 2p-bands are remarkably alike, in spite of a 
considerable difference in scale. 

A difference present in these comparisons is, that, in the fluoride bands, 
a much larger part of the band width is occupied by regions of very low 
intensity. CaO, SrO, BaO, the oxides with the lowest electron densities, 
are similar to the fluondes in this respect, though the high-energy pro¬ 
jections are not quite so long. The ratio of the band width to the lino 
width (tables 1 and 2) gives a measure of this effect. It is seen that it is 
about 10 for the bromides, 7 or 8 for the fluorides and for CaO, SrO, BaO, 
and ranges down to about 4 for oxides such as MgO. This ratio seems to 
be a measure of the degree of polarity of the compound. If we consider 
the approximation of building up a crystal out of the constituent ions, we 
shall obtam a line broadening of the levels dependent on the electron 
density and on the binding energy of the valence electrons. If, on the 
other hand, we regard the binding as covalent, we shall obtain a band 
width approximately given by the Sommerfeld formula. It seems as though 
both types of approximation have to be taken into account; in the case 
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of a very ionic compound, the first applies to the majority of the levels, 
and the second only to a very small number. The polar natiire of the 
compound has only a small effect on the total band width, although it has 
a considerable effect on the line width. 

Similar projections of the bands towards high energies have been 
described in Paper I, § 10 for element insulators, although these do not 
reach so far out. They have been called ‘band-ends’, and in some cases 
a parabolic rise of the emrve backwards from high energies can be traced. 
They correspond to the filling up of the corners of the Brillouin zone. Now, 
in the face-centred cubic structure, the zone containing 8 electrons has 
two kinds of comer; hence we may expect two band-ends for the halides 
and the face-centred oxides. Two such band-ends seem to be present in 
the curves for all these substances. The scale of the band-ends gives the 
‘effective mass’ (Paper I, § 10 ) of a ‘positive hole’ in a position m k- 
space correspondmg to a comer of an otherwise filled zone The effective 
masses appropriate to the two band-ends of the cubic oxides and halides 
may be given very roughly as l/2i» and l/fim respectively. Similar values 
for compounds have been postulated by lYohlich and Mott ( 1939 ) from 
data on conductivity. The hexagonal oxides probably have Brillouin 
zones too complicated for the band-ends to be resolved, and hence the 
high-energy ends of their bands take the form of a smooth curve. In this 
respect they are similar to certain dements with complex crystal structure, 
for example, boron. 

The ex()oriments wore carried out in the H H. Wills Physical Laboratory, 
University of Bristol, during the year 1938, and wo are very grateful to 
Professor A. M. Tyndall, F.R.S., for making our collaboration possible. 
One of us (O’Bryan) was responsible for about two-thirds of the experi¬ 
mental work, but he need not necessanly be held responsible for the 
development of all the ideas which sprang from our year of co-operation. 
We should like to thank Professor N. F. Mott, F.R.S., for much help in 
discussion, and Dr J. E, Johnston for some assistance with the experi¬ 
ments. 
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The distribution of autelectronic emission from single 
crystal metal points 

I. Tungsten, molybdenum, nickel in the clean state 
By M. Benjamin and R. O. Jenkins 
Communication from the Staff of the Research Laboratories of 
The General Electric Company, Limited, Wembley, England 
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(Plates 4-9) 

E. Muller has shown that the angiilnr distribution of field omission from 
fine metal pomts can be related to the crystal structure of the metal. Ho also 
Huggosted that the modifications m the pattern from tungsten which took 
place when the point temperature was raised could be attributed to a move¬ 
ment of tho surface atoms which caused local changes in tho work function. 

h'urther exiwrunents are dosoribcd m this paper using tungsten, molyb¬ 
denum and nickel. It is shown tliat this surface mobility occurs above 
1170° K for tungston, 770° K for molybdenum, and 370° K for niokol Tho 
chiuigps in emission distribution, which are very much more marked for 
molybdenum and nickel than for tungsten, can bo complotely explained m 
terms of a change in the geometrical shape of the {lomt. This is brought 
about by the action of tho high external field upon tho mobile surfoco atoms. 
The flash-over phenomenon m high vucumn is discussed and an explanation 
offered in terms of these observations. The effect of small traces of gas is 
illustrated, and it is shown that the gas film is removed at the rdativdy 
low tomjxirature of 629-670° K. 

Several possible suggestions oro put forward to explain the dopendenoa 
of tho omission distribution on tho crystal structure of tho metal, but no 
definite oonolusion can be reached with tho data at present available. 
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The dislfiJyuUon of autekdronic emiaaion 

1. Inteoducjtion 

E. Muller (19371 ^93^) published a description of the cold emission 
patterns obtained from a fine tungsten point when in the clean state, and 
when oxygenated or bariated, in which he shows that the angular distribu¬ 
tion of emission gives a pattern which is related to the crystallographic 
structure of the metal. The effect of adsorbed monomolecular films can also 
be studied in great detail. We have carried out similar work with tungsten, 
molybdenum and nickel, and have studied the patterns from the clean 
metal surfaces, and the patterns from surfaces contaminated with barium, 
sodium and thorium. Preliminary results have been reported (Benjamin 
and Jenkins 1939). In this paper we deal with the clean metals only, and 
offer what we believe to be a complete explanation of the changes observed 
in the emission patterns in terms of the alterations of shafie of the omitting 
point caused by the treatment to which it is subjected. 

The dependence of the emission distribution on the ciystal structure is 
also discussed. 


2. EXFEBIMKNTAt. FROCEDUBB 

(o) TheUibe 

The essential feature for the removal of electrons from a cold metal is 
the presence of a very high field at the surface of tho metal. In the case of 
two concentric spheres, one very large compared with the other, maintained 
at a potential difference V, the field at the surface of tho 
inner sphere iaVjr where r is the radius of that sphere. 

Very high fields can thus be produced ivith convenient 
voltages by making the radius of curvature of the point 
sufficiently small. Preliminary experiments showed that 
very wide angle beams of electrons could be obtained 
using a tube of the type shown in figure 1. A spherical 
bulb B, radius 5 cm., is coated over its lower portion 
with a graphite film connected to a metal lead A. The 
upper half of the bulb is sprayed with a thin film of zinc 
orthosilioate (willemite) W. The fine metal point P, is 
formed on the end of the filament PQ, of 0-06 mm. 
diameter wire and 3 mm. in length, and is placed at the 
centre of the sphere. The filament is welded at Q to the centre of a heater H, 
made of 0-1 mm. diameter tungsten wire in the form of an inverted V. The 
electron beam forms a solid angle of about 130°, and the pattern can be seen 
over the upper half of the bulb. 



Fioukr 1. Section 
through oxporunen- 
tal tube. 
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(&) Opmdional requiremerUt 

The tube contains a barium getter O, which consists of a strip of tantalum 
with a V groove filled with a barium-beryllium oxide compound. The strip 
is arranged so that the getter deposits only in the neck of the hulb. The 
getter has been described elsewhere (Benjamin and Jenkins 1938). On 
heating the tantalum, extremely pure barium is produced by reduction of 
the oxide compound. 

The actual weld of the {minted filament was carefully made, so that 
unwanted sharp points were avoided, and all other welds were covered with 
glass sleeves to eliminate extraneous cold electron emissions. 

(c) Preparation of the poinU 

The points were prepared m every case by electrolytic etching of the fine 
wire after welding to the V support. The solutions used were designed to 
give what appeared to be a smooth finish to the point as viewed under the 
microscope. Tungsten and molybdenum were etched m caustic soda followed 
by ammonia * Nickel was etched in a solution of potassium perchlorate 
in dilute hydrochloric acid. The etching process was continued, with re¬ 
peated examination under the microscope, until the actual point could not be 
clearly resolved. The mean radius of point generally used was 2*6 x 10"® cm. 

For tungsten, both specially prepared single crystal wires and poly- 
crystaUine wires were etched, but the patterns were such as to leave no 
doubt that in both cases a single crystal {mint was formed.f For molybdenum 
and nickel, polyorystalline wires wore used. 

(d) Exhaust technique 

Early experiments showed that unless a very high order of vacuum was 
obtained, points were easily destroyed, and the {lattems that were obtained 
showed changes with time which were obviously caused by the presence of 
gas. We shall refer to these effects in detail later in the {>a{)er. To overcome 
these difficulties the bulb and re-entrant foot tube were made of a special 
hard glass which could bo baked at 700 ° C. 

Pumping was carried out on a throe-stage mercury diffusion pump fitted 
with a McLeod gauge reading to 10 * mm. Hg and liquid air trap. The tube 
was baked for several hours without liquid air applied to the trap until the 

* This toohniquo is derived from early industrial practice m reducing the diameter 
of drawn tungstw filaments. 

-f There has been one exception, a thoriatod tungsten wire which is discussed in 
a later paper. 



r 


1 




C POINT SMOOTNCO tv 
HIGH TEMPERATUPE 
• . FLASH 


i POINT HEATED TO I470®K 

With riELD applied 


Tia oil 
7ai 


F POINT HtATlO TO I570*IC 
WITH FIELD APPLIED 




Ttenjamin and Jenkins 


Proc. Roy. Snc., A, ml. 176, plate 4 







Benjamin and Jenkins 


Proc. Roy. Roc., A, roil. 176, plate 5 




:r. Sa-/. Pi 

olfl omission from molybdomim show 

bni1fi-np aft-or hoating at 



Miiuiiis tuniporaliiivK with 

i-d tiolil 






r 


Itl M 

"* an 4* «oo 



'Si** 

^ '*® W 


*••0 


Olo *5 

A UNFLASHCO POtHJ 

B FLAtMSB aniuv 


lO 

9H too 

W9 

ato 

III » *«> 

•*110 

MO 

arf 

«l _ 

(•p 

aiT 

0*0 RH 

fO 

'•5 

C POINT HIATEO TO 

Oto ng 

IIS 

770®K 

D TO 


lia 

ail ioo 

ua 

MO 

Mt too 

*** NO 

»T 

•-»***, 

no 

aiT 

oio isr 

<M> 


oio lai 


»»a 




j 



r 


1 

ail 

Ha 

ail oo 


SIO 



lai 

IIO - 

aiT 

lao 

IW 

«- 


OIO nff 

Hi 



6 POINT HEATfO TO 

II700K 

H POINT heated to 
I270®K 


*" ail loo 

* «o 


.K> , 

aiT 

“ T 

aiT 


oto 

Mi 

OIO laiT 

11% 


1 POINT NCATIO TO 

i8200k 

J POINT HEATED TO 

isao«K 


HI 

III 


MO 

HO 


OIO 



^ ’»WSaK~ 

L Pomr AT I770*K FOR 

_J 




Benjamin and Jenkinn 


Proc. Roy. Soc., A, vol. 17G, pUite 6 






lienjamin and Jenkinn 


Proc. Boy. Soc., A, vul. 170, plate 7 









r 


1 


E M9IAT KVM.^IMT 

SMOOTH HT «OOOV 


f HSATSS TO 770*K TOO 
IMHMTf MT OOOOV 





6 770^K-5MINUTIS mt 
5000V 


T« oil ^ 


lA 131 iiT 


OOl lo IK liO 


•'» K>l »• 


, 0 , Wi »i 7 

too 


K MtAfCO TO llOO*t( W 

• uMiHrrt* H T 4.oo«rv 


I MiArtMO (lAIMTAiMIO AT 
lltO*H AMOHT mcmAU» 
DO Btfotyv 




Benjamin and Jenkim 


Proc. Buy. Soc., ^4, vol. 176, jdale 8 















r 



“I 


^ lOO 

tot 

N3 ^1 too 



901 

121 

IIO 2iT 



«. ■* 

OK> 



«K> 



L- 

A TWWWIIM 

B MOLVBOENUM 

-J 



265 


The distribution of autekctronic emission 

McLeod gauge was registering its minimum pressure. The getter was 
thoroughly outgassed by running it just below the reaction temperature, 
and the tungsten point was heated to 2800° K to remove any occluded gas. 
The tube was then rebaked, and finally liquid air was applied to the trap, 
the getter dispersed and the tube sealed off. 


3. ThK tube as a simple MtOROSOOPB 

The field at the surface of the metallic point is given approximately by 
F/2-fl X 10 -® V/cm., where F is the potential difference measured in volts 
between anode and {loint. Thus when F is liOOOV, the surface field is 
2 X 10* V/om., which is suificiently high for an appreciable electron current 
to be drawn out of any cold metal surface of work function 6 eV or less. If 
we assume that the electrons leave the xx>int normal to its surface and con¬ 
tinue to travel from point to screen in straight lines, the device acta as 
a simple projection microscope whose linear magnification is given by 
(radius of bulb)/(radius of iioint), which is in our case, approximately 
200,000. A local disturbance of surface field such as might be produced by 
a single atom would at this magnification result in a patch of light or dark 
roughly of the order of ^mm. in diameter, assuming no diffraction. If the 
assumption is retained that the electrons are moving radially, a rough 
estimate of the size of spot due to diffraction effects can be made by assuming 
a parallel electron beam is emerging from an aperture of atomic dimensions. 
Then, using the treatment of the well-known optical case, the diameter of 
the spot due to diffraction on the screen is given by kRjd, whore R is the 
radius of the bulb, d is the diameter of the aperture and A is the electron 
wave-length. The total spot size, including the magnification factor, is 
given by /3 = R{X.ld + djr). When F is 6000 V, A = (160/6000)* x 10 * cm. 
= 1-7 X 10 • cm. For minimum size of spot, d* = Ar, d = 2'1 x 10 “’ cm., 
or d should be about 5 atomic diameters. D is then 0-8 mm. The distance 
apart on the point for the resolution of two separate spots is then O-SrIR 
a 4x 10 * mm., or about 10 atomic diameters. We have plotted the spot 
size Z> as a function of the numlier of atoms across the diameter of a circular 
group causing the observed spot assuming the distance between adjacent 
atoms is 4 X 10“* cm. This curve is shown in figure 2 . 

We have given this approximate theory because later wo shall refer to 
the appearance of spots on the pattern whose diameters are of the order of 
1-2 mm., which we shall treat as being images of small groups of atoms 
of this simple projection type formed by the tube acting as an electron 
microscope. 


Vol 176. A. 
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4. Thb calculatbd sizb of point 

With tungsten points and tube made as described, electron emission 
patterns of high intensity could be obtained on the screen with anode 
voltages of 3000-10,000 V. Total emission currents were of the order of 
1 X 10~® amp. The actual voltage required for a pattern of a given intensity 
depended on the size of the point. 



Fioxtrb 2. Size of observed spot af^ainst diameter of actual group of atoms. 


Tlio Fowler-Nordheim formula for field emission states that the electron 
current is given by 

4 = 0-2 X 10-‘--^— 1 (1) 

where / is the current in amperes, A is the emitting area in cm.*, is the 
Fermi critical kinetic energy of the electrons m the metal, x work func¬ 
tion in electron volts, and ¥ is the field at the point surface in volt/cm. 
F can be written as fiVjr, whore is a constant dependent on the actual 
shape of the point. V is the applied voltage and r the point radius. The 
formula fortunately is highly insensitive to /t. Writing A = At*, x = ^‘6 
and/t =» 8 eV, we have log^o //F* = logio[®’® ^ - 2-84 x 10 *r/(/?F). 

A plot of logio ^/F® against 1 /F should give a straight line whoso slope gives 
r/yff and whose intercept on the y-axis gives kfi*. Elimination of then 
gives kr* — A assuming that an accurate value of x used. 
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We have made a number of such plots, and obtained excellent straight 
lines. Two such plots for molybdenum are discussed in detail later. The 
general finding is that rjfi lies between 10 x 10~‘ cm. and 5 x 10~'‘ cm. 

From the study of equipotentials produced by a model of the point and 
filament system on a rubber membrane, we found P = \ approximately 
instead of the theoretical value unity for a smooth spherical point, because 
of the distortion introduced by the supporting V filament and wire. Then 
r lies between 6 x 10“* and 2-6 x 10"‘ cm., which is of the same order as that 
indicated by microscopic examination. 

5 The angular distribution of autelectbonic emission. IVnosten 

The patterns obtained from a tungsten point are shown in figure 3 
(plate 4) All photographs reproduced were taken with the point at room 
temperature unless otherwise stated. 

3o shows a typical pattern obtained after the i>oint has not been very 
strongly heated on the pump prior to taking autelectrunic currents. 

It will be seen, allowing for the effect of photographing a spherical object, 
that the pattern has a high degree of symmetry, and, as Muller has shown, 
the centres of the dark spaces can be identified with directions nonnal to 
the mam planes for a cubic crystal. The plane indices are shown in the 
transparencies above each plate In a {larticular case. X-ray examination 
of the point showed that the electron pattern was correctly mtorpreted. 
The angles between normals of the mam pianos measured from the field 
emission patterns were, however, only 80 % of their correct values, probably 
due to field distortion, caused by the presence of the supporting filament. 

Sometimes the iiattem in 3a is replaced by that shown m 36. Wo behevo 
that the various main planes on this x>oint are etched in a series of steps 
which give rise to the emission ridges seen in the photograph, because of 
the stronger fields at the edges of the steps. 

If the point is now heated for some time at 2800° K, in the absence of 
the external field, a pattern of the type shown m 3 c is obtained. The 
symmetry is the same as in 3a, but the emission is much more uniformly 
distributed, and the dark centres have decreased in size. The (111} as in 3a 
does not appear as a dark centre, but, although the {111} region is uniformly 
emitting, the maximum intensity of emission on the pattern is actually in 
the zone immediately surrounding the {100} dark centre. The {111} is next 
brightest, and the zone about the {110} least bright. 

If the point temperature is now slowly raised, with the external field 
applied, a series of remarkable chaises is observed. At room temperature 
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the pattern has the appearance shown in 3e; as the temperature rises the 
regions between the {211} and {110} centres break up into a series of small 
spots of about 1 mm. diameter which execute a random motion. This motion 
is first clearly apparent at 1170° K. At 1230° K the motion is very rapid, 
bright patches appear in the centres of the {211}-{110} regions, the dark 
centres of the {211} and {110} increase in size and the emission increases 
over the {111} zone (3d). As the temperature is raised further, these bright 
patches become more intense and the motion is so fast that it can no longer 
be clearly seen (1470° K). At this stage, however, motion is seen on the 
outer parts of the {100} surface, and this motion spreads inwards towards 
the {100} centre until the whole of the {100} appears as a tw inkling mass of 
spots of about 1 mm. diameter. At this stage too, the bright patches on the 
centres of lines joining the {211}-{110} begin to spread round the {110} 
and towards the {100}. Also the {100} dark centre begins to increase in 
size (3c). At 1570° K, the spread around the {110} and {100} is complete, 
leaving the planes as large dark centres outlined by intense emitting regions 
(3/). At higher temperatures, thermionic emission from the supporting 
system becomes sufficiently great for the applied field to be maintained no 
longer. 

At any stage in the process, the pattern can bo ‘frozen’ by lowering the 
point temperature to room temperature with the field still applied. In this 
way we have been able to obtain figures 3d and 3e showing the intermediate 
stages, and 3/ showing the final stage of the changes described. 

If, at 1670° K, the field is removed for a few sdeonds, and the point 
temjierature is then reduced to room temperature in the absence of the field, 
the pattern has returned to normal {3c), when viewed at room temperature. 
This process can be repeated any number of times. 

6 . Discussion of pattbrn chanobs 

Muller (1939), who observed the changes in tungsten to the state shown 
in 3e, has suggested that the migrating atoms reposition themselves to form 
new surfaces of different work functions. 

We believe the observed phenomena can be interpreted on the following 
hnes: 

(i) The original point is a single crystal with the main planes sharply 
defined by etching, 'fhe suggested appearance of a section through the 
point 18 shown in figure 4a. Provided no intensive heat treatment of the 
point takes place, the surface remains unchanged, and the pattern has the 
appearance of 3 a, because the field is most intense at the various edges of 
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the surface. Such a surface will be termed an ‘etched’ surface, and its 
pattern is the ‘outline’ pattern of the surface. 

Heating the point at a high temperature results in a surface mobility 
and the surface atoms rearrange themselves in a manner which is determined 
by the periodic forces due to the underlying networks of atoms which cause 
the surface tension to be a function of crystallographic direction, and the 
surface atoms form a new surface of minimum free surface energy which is 
very much smoother, but shows departures from the jicrfect smoothness due 
to surface forces in a liquid. We suggest that a section through the point 
may appear as in 46. The pattern is then that shown in 3 c. It should be 
noted that there is no sharp edge to the pattern, and the very wide solid 
angle of 120-130'’ indicates that the field is nearly uniform over the greater 
part of the surface. This suggests that the shape of the point is as indicated 
in 4c. Where the field may be weakest, over the flat portions shown in 46, 

r\ n\f\r\ 

a bed 

Fiouhs 4. Diagnun of aeotions through tho point, a, point as etchod; b, point after 
flashing; c, section to give wide angle emission; d, built-up point. 

dark centres occur in the pattern. (This is discussed further in a later 
section.) The variations in emission intensity over the bright parts of the 
pattern are probably due to differences in work function, since the point 
is m the smoothest state obtainable, after heat treatment in the absence 
of field. We would place the work functions of the different regions, in order 
of increasing work function, as {100}, {111}, {110}. This order is not quite 
in agreement with tho measurements of Nichols (1940) obtamed by ther¬ 
mionic methods from a tungsten single crystal. He obtained the order 
{111}, {100}, {110}. 

Recently, Martin (1939) has examined the low magnification image pro¬ 
duced by thermionic emission from a single crystal and has given the same 
order as ours for the work functions. It is of interest to note that his 
thermionic emission pattern bears a considerable resemblance to the field 
emission patterns. Although he notes the thermionic emission decreases 
over the region about the {100} as one goes towards its centre, he makes 
no mention of any non-emitting central spot. 

When the point temperature is raised the surface atoms become mobile, 
and mobility commences first over the {211}-{110} region, then over the 
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{111} and finally over the {110} r^on. In the presence of the external field, 
which is of the same order as the field due to the underlying surface atoms 
themselves, rearrangement of the surface atoms occurs, and the atoms pile 
themselves up in new equilibrium positions at certain points, so that a series 
of projections occur on the surface. The external field is now much higher 
at these projections than in the hollows, and these projections have much 
greater field emissions. 

A section through such a point may appear as in 4d. The pattern passes 
through the stages Sd, 3e and 3/. On removing the field, at high tempera¬ 
tures, the surface atoms, which are mobile, are pulled back into the normal 
equilibrium position by the underlying surface fields to pro<luoe again the 
surface of minimum free energy. 

If, however, the field is maintained while the temperature is reduced, 
the lack of surface mobility at lower temperatures (below 1170° K for 
tungsten) results in the surface remaining frozen mto the ‘built-up’ form. 


7. AmOULAB DISTBIBUTION OP AtTTBLECTRONIC EMISSIOK FROM 
MOLYBDENUM 

In figure 6 (plates 6,6) are shown the patterns from molybdenum. It will 
be noted that the etched surface produces a pattern (6a) similar to that 
from tungsten. The smooth surface (66) shows very clearly the {310} planes, 
and is characterized by the four dark bands radiating from the {110}, and 
separating the {111} region from the {100} region. 

On raising the temperature, motion about the {211}-{110} region is first 
observed at 770° K. At 870° K bright patches appear on lines joming the 
{211}-{110} centres, and the emission spreads over the {111} (6c). 

At 020° K movement appears on the {111} zone, and the atoms appear 
to recede from the {111} centres, leaving them dark, and a spread of emission 
begins to occur around the {110} dark centre {6d). 

With further heating, the surface atoms continue to move vigorously 
over the surface. At 1020° K the {111} dark centres have disappeared, and 
the {211}’s have become larger and elongated. The {310 }’b now appear as 
large dark centres (5e). Figure 5e was taken with the point at 920° K, 
and the bright centre of the {110} is the filament loop which also appears 
in the subsequent photographs, all taken between 920 and 1070° K. A 
doubling effect is also noted at this stage. At 1070° K emission begins to 
spread around the {100} zone, which is now in motion, and the doubling 
effect is disappearing (6/). 6g shows the emission pattern at 1170° K. The 
{211} and {310} are now joined by dark bands. At 1270° K (6A) the build-up 
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about the {100} continuee, and the {310}’s have almost disappeared as dark 
centres due to heavy build-up. At 1320® K (6t) the build-up of emission 
about the {100} continues, and narrow liark bands join the {211}-{100} 
centres. At 1520® K the {100} is almost completely outlined by a ring of 
intense emission (5j). Note that the {111} area is now narrower and the 
{110} and {211} centres are much larger than in 5b. At 1770° K a sudden 
instabihty occurs with high fields and the surface flows so as to concentrate 
the built up area around the {111} plane (5k). On standing at this tempera¬ 
ture with field applied the pattern becomes symmetrical, as shown in 51. 

Above 1770° K the thermionic emission from the supporting loop renders 
fiirther observation impossible. The impression obtamed throughout is that 
of flowing surfaces piling up at particular regions. If at 1770° K the field 
is removed for several seconds and the pattern then viewed at room tem¬ 
perature, the appearance is that of the smooth point of 66. The time taken 
for the surface to return to normality (56) in the absence of the field is 
dependent on the actual point temperature. In table 1 we record the times 
taken to return to normal at different tem{)cratureB, after the surface had 
been completely built up. 


Tahlr 1. Time for MonYBDENiiM surface to return to normal 

Temp. Time Appearance 

°K see. (figure no.) 

1670 IB 6d 

45 6c 

90 66 

1470 10 Be 

120 6o 

210 66 

1370 16 Bg 

480 Bd 

1080 66 

1270 1080 6e 

2280 Be 

1170 4140 Bd 

7740 Bd 

1070 After 7740 6; 

800 . 

200 After several Bj 

ilays 


It is evident that below 1170® K, the surface mobility is such that the 
surface remains indefinitely in the new state in the absence of field. 
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8. DiSTBIBUnON OF AUTELECTROMIC EMISSION FROM NICKEL 

The patterns from niokel are shown in figure 6. With nickel we cannot 
say with certsunty what represents the truly smooth state, because even at 
room temperature, some slight ‘piling-up’ occurs, and here we observed 
an extremely well marked dependence of the pattern changes on the value 
of the applied field. The pattern can be modified or returned to normality 
by increasing or reducing the applied field. 

Figure 6a (plate 7) represents our nearest approach to smoothness; it is 
sjrmmetrical about the {111} which appears as a lai^e dark centre. Groups 
of atoms can be seen around the (111). Nickel has a face-centred structure, 
and may etch differently from a body-centred crystal. Figure 66 (plate 7) 
is after heating at 870° K with applied field. (The values of applied voltage 
are given in the reproductions.) Figure 6c (plate 7) is after heating at 
970° K for a few seconds and 6d after further heating at 070^ K. Note in 6d 
the appearance of nickel crystallites around the {100} caused by the surface 
piling up. 

If the field is maintained for some time or increased slightly the build-up 
at these crystallites is such that the field becomes very high and the 
crystallite can bo pulled off. Figures 6e-6i (plates 7,8) show a repeat run on 
the same point after it has been flashed at 1270° K with no applied field, 
to restore it to normal The whole surface seems to build-up round the {111} 
and then finally piles up on to it. The current increases, and a further slight 
increase in field will pull off the point. Removing the field results in return 
to the normal state. 

The nickel surface is visibly mobile at all temjieratures above 370° K 
and an increase of applied field at any temperature can build up the pattern 
to the stage where the point can be pulled off. 


9. The changes in pattern with temperature and applied field 

AND THE GEOMETRICAL SHAPE OF THE POINT 

The results obtained with molybdenum and nickel leave no doubt that 
as the temperature of the point is raised the surface atoms become mobile, 
and in the presence of the applied field, the surface can be modified. 

We have suggested that the shape of the point undergoes a change from 
a nearly smooth spherical state to a state which is roughly spherical, with 
hollows and peaks which vary according to the temperature and the strength 
applied field. The changing patterns obtained are then due to the variations 
in surface field caused by the surface alterations. A study of the Variation 
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of total emission with applied field for the difierent states ranging from the 
almost smooth state to completely built up state, gives additional support 
to our views. 

In the oases of the smooth state and the completely built up state for 
molybdenum which gives the most stable sets of patterns, the plots of //F* 
against log^g (I/V) (figure 7) show a marked decrease in slope (which does 
not involve the total emitting area) as between the smooth and built up 



Figure 7. Fiold plots from smooth and built-up molybdenum pomts. 


states. The slopes are 3-94 x 10 * and 2*06 x 10* respectively. If Xv Xa 
the respective mean work functions, and and /?, are the values of /? in 
each case, then 

tea)»(Wi) = 3-94/2.06. 

If is constant, then Xi/Xa = Xi assumed to be about 4*5 eV, then 

Xt is 2*92 eV. Now the measured maximum and mmimum values of work 
function for tungsten (Nichols 1940 ) are 4*66 { 211 } and 4*36 (611} and similar 
values can be assumed for molybdenum, so that a simple change in effective 
work function doas not appear to account for the observed differences. On 
the other hand, if x is assumed constant, is almost 1 / 2 , and this means 
a 2 : 1 change in field at the points of intense emission, which are the points 
mainly responsible for the total emission values of the plot. 



274 


M. Benjamin and R. O. Jenkins 


A change in work function from 4-66 to 4-35 would, fixim the plots, give 
only a 2 1 change in emission curfent for a constant field, whereas a 2 : 1 
change in ft would increase the emission by nearly 100: 1, and this change 
accords more nearly with the observed changes in emission intensity. 

If one assumes a surface similar to that shown in figure id, the condition 
necessary for the field to change by 2 : 1 is that the height of the peak shall 
bo about 25 atomic diameters above the hollow, where the surface is repre¬ 
sented by a spherical harmonic of the 12th order * 

The calculated area for the smooth point is 1-7 x 10 * cm.* and for the 
built up point is 8-6 x 10“” cm.*, a decrease of 16 : 1. This agrees with the 
observed fact that the bulk of the emission comes from only a few regions 
on the built up point. 


10. OtHKR A.saOCIATED PHENOMENA 

(a) The Jlaah-arc phenomenon 

It IS well known that in high vacuum devices using high voltages between 
electrodes, flash-overs often occur at welds and other rough surfaces, and 
are influenced by the presence of gas (Gossling 1932). The explanation is, 
we believe, that the welds are associatetl with fine points, and consequently 
high surface fields. When the metal gets hot, because of the actual passage 
of current or due to other causes, build up occurs, and high currents are 
drawn from localized sections of the point surface. The heating effect may 
be sufficient to cause evaporation and ionization and the discharge occurs. 
It is of interest to note that in practice the flash-over is more prone to occur 
with nickel than with molybdenum, and tungsten is safer than molybdenum. 
These results accord with our observations on the temperature at which 
mobility and build up occurs. The appearance of nickel crystallites just 
prior to blowing-up is shown in figure 8 (plate 9). Further, if any gas of 
an electropositive nature is present, the ions will be returned to the built-up 
sections on the point surface, and will still further enhance the local emission, 
and increase the ease with which a flash-over occurs. We have repeatedly 
observed this latter effect in some of our early tubes where the vacuum 
was not of an extremely high order. 

It is of interest to note that with points of size 3 x 10~* cm. radius, and 
5000 V applied between anode and point, the electrostatic force on the 
surface of the points assuming fi = ^ is about 20 tons/in.*. This force is 


* We ore indebted to Dr R. W. Sloane for these ealeulations. 
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approaching the cold tensile strength of the metals used. T^ical %ures 
are tungsten 300 tons/in.*, nickel 75 tons/in.’ and iron 60 tons/in.*. At high 
temperatures the tensile strengths are loss. In the case of nickel the tensile 
strength at 1070° K is about one-quarter of the cold value. It w thus clear 
that there is a very good chance of pulling the x)oint oflF, and this is probably 
the reason why it was not possible to go much above 1070° K with nickel, 
and why iron points present so many difficulties 


(6) Effects of gas on the paMem 

In our earlier experiments the glass spherical bulb used was made of 
a lead glass of low softemng point (460° C), so that high temjieraturo bakes 
could not be employed. Wo had found in such tubes, that on running with 
the point at room temperature, the iiattem from tungsten or molybdenum 
slowly undergoes modification 

The altered patterns are shown in figure 9o for tungsten and 96 for 
molybdenum (plate 9). Xote the difference between 9o and 3c, and 96 
and 66. On standing, dark bands have appeared joining the {211)-(]10} 
centres, and at the same time the {211} centres have increased in diameter. 
On raising the point temperature to 620-070° K, the pattern immediately 
returns to normal. If the tube is immersed in liquid air, the effect can be 
prevented. We mfor that although the pressure in the tube is of the order 
of 10“’ mm. Hg, sufficient gas is still present to settle down on parts of the 
surface. On immersing in liqmd air, the pressure is considerably reduced. 
As Langmuir has indicated, immersion in hquid air with a barium getter 
present results in pressures of the order of 10-“ mm. Hg. The observations 
suggest that the gas film is of a tyiw which is readily removed from the 
surface at 820-670° K, and that although the whole point surface is being 
bombarded with gas ])article8, there are preferred 7.one8 on which the 
electronegative gas atoms stick tightly. 

We shall have more to say about the preference of certain types of con¬ 
taminating atoms for particular regions on the surface in the second paper 
on contaminated surfaces. Here, however, we would jHnnt out that the 
increase in size of the {211} dark centres under conditions whore no mobility 
of surface atoms of the metal itself is suspected, lends some support to the 
suggestion made later that the dark centres in the pattern from the ‘ clean ’ 
smooth points may be due to the presence of negative ions which cannot be 
removed below the melting point, and which result in very high work 
functions over the small flats present on the point surface in its smoothest 
form. 
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A similar effect is observed, when contaminations are liberated by intense 
bombardment of the getter or the screen itself. 

The pattern can become covered with a mass of disappearing and re¬ 
appearing bright spots due to electropositive contaminations. Here, again, 
these can be removed or prevented by holding the point at 020-670° K. 


11. Thk patterns from the smooth points 

The patterns for smooth tungsten and molybdenum show first a variation 
in emission density around the main planes which is never more than 10:1. 
The dark centres are indicative of at least a 100: 1 change relative to the 
adjacent bright areas. If work function changes are assumed to cause the 
dark {latches in the pattern from smooth surfaces, then the variations must 
be of the order of 2 : 1, which is very much greater than any differences of 
work function for different faces measured ex{)erimontally. On the other 
hand, a surface such as we have suggested for the smooth {)oint (46), does 
not appear to us to permit of a field difference of 2 : 1 from the edge of the 
small flat to its centre. If we combine the known work function variation 
with a field increase, wo still reqmre almost a 2: 1 increase in field. 

There exists also the possibility that an electron optical effect, due to the 
shapes of the equipotontials close to the point surface, may cause electrons 
leaving the flat part to be deflected in such a way as to reinforce the emission 
coming from the edges and so cause a dark centre to appear on the screen 
To test this possibility, a steel sphere of 6 mm. diameter with a flat ground 
on its surface, was mounted in the centre of a large spherical bulb. The 
surface of the sphere was coated with barium oxide, and its thermionic 
emission pattern was thrown on to the fluorescent screen on the inside of 
the bulb. The {lattem showed a bright circular patch, op{)osito the centre 
of the flat, surrounded by a faint dark ring, and the rest of the sphere gave 
rise to a imiform emission, somewhat lower in intensity than that due to the 
centre of the flat portion. Thus it would appear that any electron optical 
effects should show some omission in the middle of the dark centres. Even 
if the surface irregularities are slight hollows rather than flats, electron 
optical effects would only modify the pattern to a very small extent. 

One explanation would be to assume that in a surface such as that shown 
in 56, the metal cannot be completely freed from electronegative gas con¬ 
tamination, and that on the small flats, where the van der Waals forces 
will be greatest, electronegative gas is firmly held as atoms or negative ions 
to the tungsten. There is some slight support for this view, as will be seen 
from the description of the pattern changes in the presence of gas which were 
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diaoufised in § 10. With tungsten, such a contamination would be oxygen, 
and then the work function would increase from 4'62 to 9'2 eV, a change 
of just the order required to explain the differences in emission intensity 
observed. 

Although we have suggested this last possibility, we have no reason to 
believe that oxygen cannot be removed from tungsten at temperatures 
above 2000° K. On the other hand, it may be that the failure to obtain 
a perfectly clean surface is one of the reasons why, m the thermionic emission 
formulae, the constant A, for both tungsten and molybdenum, always is 
less than the theoretical 120 amp /cm.* degree*. 

In the case of nickel, we would then have to suppose that the electro¬ 
negative gas can attach itself firmly to the {111}, which appears as a small 
flat in the face-centred structure, but which does not appear in the body- 
centred structure. 

There is an aspect of the problem which the evidence does not permit us 
to ignore. There exists the possibility that the electron pattern is a true 
representation of the electron kinetic energy distribution inside the clean 
smooth metal, and that according to the structure, the electron energies 
are a minimum along the normals to certain main planes, which are different 
for the body-centred and face-centred types of lattice. This means a variation 
in work function over the crystal surfaces, the work function rising steeply 
along certain of the main crystallographic directions. 

We have made an attempt to secure further data by using iron as the 
point metal. Iron changes from the body-centred to the face-centred form 
at a relatively low temperature, but so far we have not succeeded in 
obtaining stable patterns. 

An alternative explanation would be that the electron waves for electrons 
at the top of the Fermi surface are reflected back for perpendicular incidence 
on certam planes. We make this point because of the oonnoxion that we 
find exists between the field emission patterns and X-ray reflexion patterns. 
In the case of a body-centred cubic crystal (W, Mo) the condition for the 
{hkl} plane to give an X-ray reflexion is that {h + k + l) shall be even. The 
planes with the largest lattice spacing to fulfil this condition are {110}, {200}^ 
{211}, and {310}, and in the field emission pattern it is these that appear as 
dark centres. We cannot distinguish between the various orders. 

Again, for a face-centred cubic crystal (Ni), the condition for X-tay 
reflexion is that h, k, I must bo all odd or even. Thus the {HI}, {200}, {220} 
and {311} planes appear. The smoothest nickel pattern (6o) shows the {111} 
plane as a dark centre. We have attempted to connect the electron wave¬ 
length associated with /i, the kinetic energy of the electrons at the top of 



278 


M. Benjamin and B. 0. Jenkins 

the Fermi distribution which are those that dominate the field emission, 
with the condition for Bragg reflexion, given by 

V(A»+I* + /*)"" ”2’ 

where 0^ is the lattice constant, and A is the incident wave-length, but the 
values of/t obtained lie outside the possible values for tungsten, molybdenum 
and mckel except in the case of the {110} plane for tungsten and molyb¬ 
denum, and the {111} or {200} for nickel.* 

There is one aspect of the problem to which we would like to draw 
attention. The structure-amplitude expression which determines the planes 
that take part in the X-ray reflexion also determines the form of the 
Bnllouin zones in momentum space. This factor is = 1 -f cos iT(h + k + l) 
for a body-centred cubic lattice, and 

^hki = l + co8 7r(A:+Z) + cosff(A-fifc)-|-co8 7r(A+/) 


• Since writing the above, our attention has been drawn to a note by Muller (1939), 
m which he has attempted to correlate the dark centres of the tungsten pattern with 
tlie Bragg reflexion condition. Muller uses this in the form 


wa, _ A 
V(fc*+fc*TP)“”2’ 


(3) 


where (m, n= 1, 2, 3, 4,...). By putting /( s 7 6 oV, correspendmg to I'6 electrons 
per atom for ttm^pitcn, he obtains an electron wave-length of 4*6 A (A = (160//()1 A), 
which satmflcH the equation (.3) for the {110} plane, m = 1, n = 1 Values of m and n 
can be found to satisfy approximately the equation for other planes. Thus for tho 
{211}, m = 7, n = 4 and for the {100} wi = 6, n = 7 It appears to us, however, that 
the mtrodiiction of m is not justified except m special cases, and then when only 
one or two plane networks are involved In tho case of a pure metal, the introduction 
of m would mean tho appearance of fractional orders m both X-ray and electron 
diffraction siiectra, and one would not oxpect the sharp edges to the dark centres 
obtained m the fii’ld emission jiattems. Tho values of /i obtained from equation (2), 
for different planes are sot out ui the following table. 


Plane /i eV (n= 1) 


Tungsten {110} 7-48 

{200} 13-96 

{211} 22 44 

{310} 37-40 


Nickel {111} 9 06 

{200} 12 08 

{220} 24-16 

{311} 33 22 


Values of n for tungsten are 5 8 and 0-2 eV oortesponding to one and two electrons 
per atom respectively, and for mckel = 11-7 eV, for two electrons per atom. If 
one assumes n may have a single value which is greater than 5 eV and loss than 10 oV, 
it will be seen that only one plane m each ease will satisfy the equation (2). 
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for a faoe-oentred cubic lattice. Thus the planes which appear as dark 
centres might be the bounding planes to the Brillouin zones. The electrons 
at the top of the Fermi distribution can be represented by points lymg on 
a surface of constant total energy. It would only be necessary for this 
surface to touch or nearly touch the bounding planes of the zones in order 
that the value of the kinetic energy of an electron may be such that it will 
make a Bragg reflexion at a plane with the same indices m the crystal 
lattice. 

If the present phenomena are explicable in terms of Brillouin zones, they 
unply equality between the energies at several bounding planes of a single 
zone. The information at present available leaves the cHirrectness of this 
explanation a matter for speculation, but if it be correct it would follow that 
for a monovalent face-tientred metal like silver, the first Brillouin zone, 
bounded by {111} and {200} planes, would contain the Fermi surface entirely 
within it (the zone being half full). This would only allow at the most two 
dark centres to appear. Similarly a monovalent body-centred metal like 
sodium whose first zone is bounded by the {110} planes could only show 
one dark centre at the most corresponding to the {110} direction. These 
metals are so weak mechanically, that it may be very difTioult, if not 
imjtoBsiblo, to obtain emission patterns (§ 0), but we are attempting the 
expenmonts in the hope of getting more evidence. 

The authors wish to ex{iress their thanks to Professor R H. Fowler for 
many helpful suggestions and discussions 
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IV. The thermodynamic properties of propane 
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Existing physical and thermal data relative to propane have been 
Biunmarized and correlated, and some new experimental determinations of 
pressiire.volume-temperatiire relationships for the bquid at low tempera¬ 
tures have been ccmried out to make good deficiencies m the literature. 

On the basis of the information thus obtamed the entropy and enthalpy 
of propane have been calculated for conditions of temperature between 
-80 and 200“ C, and at pressures of from 0-1 to 200 atm. The results 
are tabulated and also presented graphically on a temperature base. 

Intboduction 

Recent developments in the utilization of propane have revealed the 
need for more complete information as to its thermodynamic properties 
and, in particular, the desirability of constructing an entropy diagram 
covering a wide field of temperature and pressure. On examining the 
literature it is found that sufficient thermal and physical data are available 
to achieve this object in a serviceable manner, although the accuracy is 
not everywhere all that is to be desired. 

Certain entropy data, of restricted application, have already been pub- 
hshed. Thus, Dana, Jenkins, Burdick and Timm (1926) have calculated the 
entropy of the saturated hquid and vapour from the normal boiling-point up 
to c. 60° C, whilst Sage, Schaafsma and Lacey (1934) have published a more 
comprehensive diagram extending from 20° C up to the critical tempera¬ 
ture, with pressures ranging from 1 to about 200 atm. In both oases English 
units (B.Th. units, pounds per square inch, cubic feet, pounds and degrees 
Fahrenheit) were employed. A diagram of Justi (1936) appears to be 
identical with that of Sage, a centigrade scale being appended. 

A temperature-enthalpy chart has been published by Ragatz (1934) 
covering all ordinary practical conditions of temperature and pressure, but 
lacking in detailed information. 

The chief requirements, therefore, appear to be entropy and enthalpy 
diagrams which will correlate the work of Dana and Sage and will take into 
[ 280 ] 
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account additional data which have come to light since 1934. On these lines 
it is possible to cover the ranges 0-1 to 200 atm. and - 80 to + 200° C satis¬ 
factorily. Data is lacking regarding the P-v-T relationships of the super¬ 
cooled liquid at low temperatures, but this deficiency has been made good 
by new measurements. The units used in the present work are litres, kilo¬ 
grammes, normal atmospheres, kilogram-calories and d^rees Centigrade. 
A list of the symbols used is given at the end of the paper. 

Methods op calculation of entropy and enthalpy 

In order to construct a complete entropy (or enthalpy) diagram for any 
substance, it is sufficient to know (i) the functional relationship between 
pressure, volume and temperature in the states concerned, and (u) the 
relationship between specific heat and temperature under a sjiecified con¬ 
dition of pressure or volume. 

From the first, by a graphical or algebraic operation, the connexion 
between the saturated vapour pressure and temperature can be determined, 
and, with the aid of the Clausius-Clapeyron equation, the latent heat- 
temperature relationship can bo derived. By partial differentiation of the 
equation of state, all isothermal, isobaric and isometric derivatives necessary 
for thermodynamic calculations can bo evaluated. 

From the second, the value of the specific heat under any given condition 
of temperature and pressure (or volume) can be determined thermodynamic¬ 
ally by utilizing the appropriate derivatives calculated from the equation 
of state. 

In practice, such a procedure would prove tedious, and also inaccurate, 
since no equation of state has yet been discovered which is applicable both 
to the liquid and gaseous states with the necessary degree of accuracy. 
It is customary, therefore, to make direct use of experimental data addi¬ 
tional to that already specified, and the precise method of calculation to be 
employed depends upon the nature of the information available. In the 
present instance the procedure was as follows. 

From data relative to the saturated vapour pressure the relationship 
between the boiling-point and the pressure was first determined, thus 
establishing the location with respect to temperature of various isobars in 
the two-phase region of the thermodynamic diagrams. 

The specific heat-temperature relationship fur the saturated liquid was 
then plotted and used to integrate the expression 

(!»).-?• <■) 


VoL 176. A. 
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Similarly, the enthalpy-temperature curve was determined by integrating 

in which the derivative (dPjdT), was found from the vapour-pressure 
equation. The factor 0-0242 converts litre-atmospheres to kilogram-calories. 

In the case of both entropy and enthalpy, the saturated liquid at atmo¬ 
spheric pressure was taken as the zero-point. 

The latent heat-temperature equation was then derived from experi¬ 
mental data and utilized to determine the increase in entropy and enthalpy 
on isubano va|}orizatiun, according to the equations 


= 

(3) 

Ah^l. 

(4) 

An empirical Cp-T equation ior the vapour at atmosphenc 
established and used to integrate the expressions 

pressure was 

II 

(6) 

idh\ 

(6) 



Having thus determined the properties of tlio vapour at atmospheric 
pressure and various temperatures, its properties at higher pressures were 
calculated by int^rating along isothermal paths the expressions 



the derivative {dvldT)p and the specific volume being obtained from 
experimental P-v-T data. 

Starting from the saturated liquid curves, the properties of the super¬ 
cooled liquid at higher pressures were calculated by integrating the equa¬ 
tions (7) and (8) along isothermals, as in the case of the superheated vapour. 

Above the critical pressure, corresponding isobars, determined in¬ 
dependently by isothermal integration from the saturated liquid line and 
the I atm. vapour line, were connected up. 
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RE8ULTS 


The normal boiling-point, critical constants and saturated vapour pressure 


Before attempting to derive a vapour preHsure-tomperature relationship 
to represent the available data, it is convenient to estabhah two fixed points, 
namely the normal boiling-point and the critical point. Several deter¬ 
minations of each have been reported, comprising in the case of the normal 
boiling-point the following values- 

Boiiing-point 

Authority ° C 


Olazewski (i88g) 

Meyer (1894) 

Hainlen (1894) 

Lebeau (1905) 

Burrell an<l Robertson (1915) 
Maaaa and VVnght (1921) 

Dana el at (1926) 

Francis and Robbuis (1933) 
Sage el al (1934) 

Htcks-Bruun and Briiun (1936) 
Hartneck and Edae (1938) 


-4C-0 
-37 0 
-370 
-44 6 
-441 
-44-5 
-42-12* 
-42-3 
-42 6* 
-4217±0 05 
-41 14t±001 


• Caloulutod by Cox (1934). 

t 42-14 according to our interpretation of the result*. 


The earlier determinations were probably vitiatetl by the impurity of 
the gas used, and are m serious disagreement. Recent values are more 
concordant, but Hartneck and Edse give a figure higher than that pre¬ 
viously accepted, although their published results suggest good agreement 
with other workers. The value dotermmed directly by Hicks-Bruun and 
Bruun has been adopted in the present work, being in close accord with the 
figure calculated by Cox (1934) from the vapour iiressure data of Dana et al. 
and with our own interpretation of the most recent work of Hartneck and 
Edse. 

The following values of the critical constants have been reported- 


Cntioal 

tamp. 


Authority ° C 

Olszewski (1889) 07-0 

Meyer (1894} 102 0 

Hainlen (1894) 102 0 

Lebeau (1905) 97-a 

Maass and Wright (1921) 06'6 

Sage a al. (1934) 100 1 


Beattie, Poifonberger and 
Hadlook (1935) 


Cntiool 

pressure 

440 
48-5 
48 6 
46 0 

43-77 


Cntioal 

volume 


96-81 ±0.01 


42 01 ±0 02 


4 31 lit./kg. 
4 43±1% 
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There are, again, serious discrepancies in these data, and it is unfortunate 
that the evidence of Sage and of Beattie should be in sharp disagreement, 
since we are almost exclusively dependent upon their work for the P-v-T 
relationships. The later results of Beattie have, however, been accepted by 
Sage (194.0) in recent work on propane and are adopted in the present 
calculations.* 

Several determinations of the saturated vapour pressure in various tem¬ 
perature ranges have been carried out, more or less information being 
available from most of the sources quoted in the table of normal boiling- 
points. On plotting all the results together on a temperature base, there is 
found to be some disagreement. 

The equation logP = *^^^^^ (9) 


is not strictly accurate over the whole temperature range, but if in the case 
of propane b is put equal to the normal boiling-point and the equation is 
solved for a at the critical ]x>int, the foUowmg forms are obtained which 
represent the mean of the various experimental values exceedingly well at 
all tem[)eratures; 


logio^ 


4 319(7’-2310) 
T 


( 10 ) 


or 


T 


997*7 

'4*319-logToP- 


( 11 ) 


In view of this result there is little justification, in the absence of precise 
experimental data, for using the more complex equation due to Nemst: 




(cf. Burrell and Robertson (1915), Dana el al. (1926)). Corresponding vapour 
pressure-temperature values calculated from equation (11) are included in 
table 1. 

Specific hetU of the saturated Itqutd 

Data relating to the specific heat of liquid propane are due to Dana et al. 
(1926) and to Sage and Lacey (1935), both of which sources refer to the 
saturated condition. They cover low- and high-temperature ranges respec¬ 
tively. On plotting the experimental values on a temperature base, it is 

* Footnote added in proof. The work of Beattie has been substantiated by the 
results of Desohner and Brown {Jnduetr. Engng Chem. 1940, 33, 836) published 
smee the present paper was oommumoated. 
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Tablb 1. Entropy and bnthaupy ok the saturated 




LIQUID AND VAPOUR 


Pressure 

Temp. 

"C 

Saturated liquid 

Saturated vapour 

atm. 

Enthalpy 

Entropy 

Enthalpy 

Entropy 

1 

-42-17 

0 

0 

101-60 

0-4400 

2 

-24-8 

9 41 

0-0391 

107-11 

0-4326 

3 

-13-4 

16-69 

0-0646 

110-29 

0 4290 

4 

- 4-7 

20-56 

0-0829 

112-46 

0-4263 

5 

26 

24-71 

0-0980 

114-31 

0 4232 

6 

8-7 

28-23 

0 1105 

115-73 

0-4211 

7 

141 

31-41 

0 1216 

116-91 

0-4193 

8 

18-9 

3429 

0-1313 

118-09 

0-4186 

9 

23-6 

37 09 

0-1406 

118-89 

0 4164 

10 

27-6 

39 67 

0 1487 

119-77 

0 4166 

12 

34-9 

44-27 

0-1638 

120-97 

0-4130 

IS 

44-3 

60 51 

0-1833 

122-61 

0-4107 

20 

67-5 

59 94 

0 2116 

124-14 

0-4068 

25 

685 

68-47 

0 2361 

124-43 

0-4000 

30 

78'0 

76-36 

0 2580 

123-20 

0-3915 

35 

86 4 

84-64 

0 2801 

120-46 

0 3800 

40 

94-1 

96-08 

0-3081 

114-13 

0-3600 

4201 

96 81 

105-64 

0-3362 

106-64 

0 3362 


found that the Dana points are rather scattered, but tiiat a curve can bo 
drawn representing the complete data fairly well. 

Using the smoothed c,-T curve and commencing with « =» 0 for the 
saturated liquid at atmospheric pressure, the entropy-temperature curve 
for the saturated liquid was constructed by integrating equation (1). 
Similarly, the enthalpy-temperature curve was determined from the same 
starting-point by integrating equation (2). Values of v, are available from 
the data of Dana al. (1926) and Sage efol. (1934) covering the entire range 
of temperature. Earlier data on the specific volume of the saturated liquid 
are found in the work of Meyer {1894), Lebeau (1905) and Maass and Wright 
(1921). The concordance of values from the various sources is sufficiently 
good for the present purpose, since the second term in equation (2) plays 
but a small part in determining {dh/dT),, 

Calculated values of a and h for the saturated liquid are given in table 1. 

Latent heat of vaporization 

The latent heat of vaporization of propane has been determined by 
Dana et al. (1926) (- 40 to -H 20 ° C) and by Sage, Evans and Lacey (1939) 
( 40 - 76 ° C). The two sets of results when plotted against the temperature are 
found to be reasonably concordant and the general empirical relationship 
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origiiuilly proposed by Osborne and van Dusen (1918) represents them very 
well. The exact form of the equation for propane is found to be 

I = 12-08(1;-T)*-0-2932(2;- T), (13) 

from which the values of I used are calculated. 

These figures can be checked using the Clausius-Clapeyron equation: 

J = (14) 

where Vj and refer respectively to the saturated vapour and the saturated 
liquid at T° K, and are derived from the data of Dana and Sage. dPjdT is 
obtained from the vapour-pressure data. The values of I thus found are in 
fairly good agreement with the smoothed experimental values, the maximum 
deviation being about 2 %. As the experimental values of v, appear to be 
less reliable than those of I, the Clau8ius-Clape3nx>n values for the latent 
heat were not employed in calculation. 

By means of the expressions (3) and (4) the entropy- and enthalpy- 
temperature curves of the saturated vapour were constructed from those of 
the saturated liquid. 

The superheated vapour 

The isobaric heat capacity of propane at atmospheric pressure has been 
determined by Sage, Webster and Lacey (1937) between the temperatures 
20 and 170° C. Their results when plotted against temperature show a 
linear relationship and there seems to be every justification for extrapolating 
to the limits required in the present work. The corresponding equation is 

Cp-Ltm = 0-2086-(-0-0006687’. (16) 

With the aid of this relationship the equations (5) and (6) can now be in¬ 
tegrated, giving the s-t and h-t curves for the 1 atm. isobar. Taking the 
valuess = 0-4400andA = 101-60whenT = 230-9 from table 1, the following 
practical equations are obtained: 

«f-iiain = 0-4802 logioT-»-0-000668T-0-8491, (16) 

V-istm. = 86-06-I-O^OSSr-l-0-0003347*. (17) 

Having thus determined the 1 atm. isobars, it is possible to calculate 
from them the properties of the superheated vapour at higher pressures by 
employing the isothermal relationships (7) and (8). Some of the necessary 
P-v-T data are provided by the work of Sage and of Beattie, but there is a 
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gap below 40 atm. above the critical temperature. Thia has been filled by 
assuming ideal behaviour at the highest temperature considered (200° C) 
and low pressures. At low pressures the derivative (dvldT)p then has the 
value nRjP = 0'0449/P kcal., and an isothermal interpolation can be 
made to meet the Beattie data at higher values of P. An isobaric inter¬ 
polation connects up with Sage’s data at the critical temperature, and it is 
thus possible to plot out the entire entropy-temperature field for the vapour 
from 1 to 200 atm. At high temperatures and low pressures, the positive 
and negative terms in equation (8) become equal, and (3A/3P)j. = 0. 

In the case of the vapour below the critical temperature and pressure, 
the results thus obtained can be checked by an independent method 
employing the Joule-Thomson coefficients determined by Sage, Kennedy 
and Liaoey (1936). In this case 



i.e. ft is the differential of the isenthalpic relation of T and P, and by inte¬ 
gration the P-T intercepts of the constant enthalpy line can be determined. 
From these results corresponding values of the entropy can be derived by 
calculating isobarically from the saturated vapour line using the relation¬ 
ship 



The values of enthalpy and entropy calculated from the Joule-Thomson 
coefficients are in good agreement with those calculated finm the P-v-T 
data except near the saturated vapour Ime. Sage has suggested that this 
discrepancy is due to the influence of traces of oil in the apparatus in which 
the P-v-T relationships were determined. 

It is unfortunate that there is disagreement between Sage and Beattie 
as to the location of the critical point. While the more recent work of the 
latter carries the greater weight, his P-v-T data are msuffioientfor the present 
purpose, particularly just below the critical temperature, and it is essential 
to make some attempt to fit m the Sage values. In the circumstances, this 
part of the thermodynamic diagram must be regarded as less certain 
than the rest, and further practical investigation in extension of Beattie’s 
experiments is to be desired.* 

The properties of the superheated vapour are summarized in tables 2-5. 

* This investigation has sinoe been carried out by Deschner and Brown (see 
previous footnote). 
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The supercooled liquid 

The properties of the supercooled liquid can be determined from those 
of the saturated liquid, given a complete knowledge of the P-v-T relations 
of the liquid under relevant conditions. Unfortunately, the published data 
are not complete in this respect, since the work of Sage et al. ( 1934 ) gives no 
information below about 20 ° C. Some new measurements were therefore 
made in these laboratories by Mr H. C. Lu to bridge the gap between 20 ° C 
and the normal boiling-point of propane. Results of these determinations, 
which cover a range of pressure from 5 to 60 atm., are given in table 6 . 



fi 

10 
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TaBLB 0. P-v-T BBLATIONSinPS FOB LIQUID PROPANE 

(H. C. Lu) (values of «) 

Temp. “C 


-30-6 -200 

1-7403 1-7801 

1-7351 1-7760 

1 7298 1-7706 

1-7271 1-7655 

1-7243 1-7612 

1-7215 1-7579 

1-7187 1-7547 


-10-05 -1-0-26 

l-82«) 1-8093 

1-8189 1-8649 

1-8121 1-8570 

1-8056 1-8500 

1 7990 1-8440 

1-7936 1-8389 

1-7892 1-8345 


10 2 20-5 

— 1-9863 

1-9179 1-9796 

1-9083 1 9686 

1 8993 1-9587 

1 8912 1-9489 

1-8836 1-9392 

1-8775 1-9295 


The method employed was to take a meMured volume of the purified gas 
and condense it into a calibrated glass capillary, surrounded by a trans¬ 
parent cooling jacket whose temperature was thermostatically controlled. 
The thread of liquid propane was confined at either end by mercury, by 
means of which it was subjected to varying pressures, measured with a 
dead-weight gauge. The length of the thread was determined by means of 
a kathetometer and its volume calculated from the tube calibration. Further 
details of the procedure and a description of the apparatus employed will 
be given in a future communication. 

The properties of the supercooled liquid, calculated from the results 
obtained and from the data of Sage, are summarized in tables 2-5. The new 
measurements at about 20° C show good agreement with those of Sage at 
the same temperature. 


The entropy-temperature diagram 

In the accompanying chart the main plot is of entropy on a tem¬ 
perature base. An auxiliary diagram has also been drawn up, based upon 
results summarized in the tables, giving the relationship of enthalpy to 
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temperature. With the aid of this diagram a number of ieenthalpio lines 
have been superimposed on the main entropy chart. From the combined 
P-v-T data of Dana, Sage and Beattie, several isometric lines have been 
added. 

Thermodynamic properties at low pressures 
In order to complete the work, particulars of some caloulations at pres¬ 
sures below atmospheric will be given. 

Accurate determinations of the saturated vapour pressure in this region 
have been carried out by Hartneck and Edse (1938) whose figures have been 
utilized The data of Dana and Sage on the specific heat of the saturated 
liquid can be correlated fairly well by the expression 

c, = 2-0666-0-012606T+0000026628T*, (20) 

which was employed for extrapolation to low temperatures. On substi¬ 
tuting in equation (1) and integrating, we obtain, taking the same zero-point 
of entropy as before, 

s = 4-73301ogio T - 0-0125067-i-0-0000256287*-8-982. (21) 

The enthalpy of the saturated liquid was calculated from equation (2), 
V, being extrapolated from Dana’s v^-T data, which yields a linear relation¬ 
ship in this region. 


Table 7. Entropy and enthalpy ok the saturated 

LIQUID AND VAPOUR AT LOW PRESSURES 


Pressure Temp 

atm. "C 

0-1 -S3 8 

0-2 -73-25 

0-3 -66-15 

0-4 -60-9 

0-5 -57-7 

0-6 -53-15 

0-7 -49-95 

0 8 - 47-05 

0-9 -44-5 

10 -42-2 


Saturated liquid 


h 9 

-23-42 - 0-112 

-17-20 -0-080 

-12-93 -0-059 

-10 21 -0-046 

- 8-28 -0 037 

- 6 10 -0 027 

- 4-32 -0-019 

- 2-52 -0-011 

- 1-15 - 0 005 

0 0 


Saturated vapour 


h a 

85-97 0-466 

90-47 0-458 

93-50 0-465 

95- 26 0-451 

96- 58 0-450 

97- 86 0-446 

98- 99 0-444 

100- 19 0-443 

101- 02 0-442 

101-60 0-440 


The latent heat was determined by means of equation (13), giving, with 
the aid of equations (3) and (4), the properties of the saturated vapour. 
Results in the saturated region are summarized in table 7. 
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P-v-T relationships for propane are not available at low pressures but 
it is justifiable to assume adherence to the ideal gas laws. This implies the 
assumption 



and the equation (16) becomes applicable to all pressures below atmo¬ 
spheric. The expression (16) can therefore be employed in the form 

8p =. 0-4802 logjo T-t-0-0006687’-|-A', (23) 

and by solving for the saturated state, the values of K shown in table 8 are 
obtained. The entropy of the superheated vapour at any temperature and 
pressure can therefore be obtained by working out the expression (23) using 
a value of K appropriate to the pressure concerned. 


Table 8. Values of K in the equation (23) fob 

FKESSUKBR BELOW 1 ATM. 


Pressuro Value 

attn. of/C 

01 -0-764 

0-2 -0-780 

0-3 -0-796 

0-4 -0-808 

0-8 -0 814 


Pressure Value 

atm. of K 

0-6 -0-826 

0-7 -0-833 

0-8 -0-839 

0-9 -0 846 

10 -0-849 


For an ideal gas 


a 


(24) 


and the equation (17) may be used directly to determine the enthalpy at 
any temperature, if the pressure is atmospheric or less. 


The author is indebted to Mr H. (1. Lu for carrying out measurements 
of the compressibility of hquid propane, and to the Department of 
Scientific and Industrial Research for a grant towards the expenses of the 
investigation. 
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List of symbols and ttnits employed 

P =» pressure (atmospheres). 

V = volume (specific) (litres/kg.). 

T = temperature (° abs.). 
c = specific heat (kcal /° C). 

I = latent heat of vaporization (koal./kg.). 

R = gas constant (0-00198 kcal.). 
n = number of gram-molecules. 
fi — Joule-Thomson coefficient (“ C/atm.). 
h = enthalpy (specific) (kcal /kg.). 
a = entropy (specific) (kcal./kg. “ C). 
a, h, c, K, Ag, e are constants. 

Subacripta. 

a refers to the saturated state, 
c refers to the critical state. 

P, T and h refer respectively to states of constant pressure, temperature 
and enthalpy. 
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The quenchipg of the resonance radiation of sodium 

By R. G. W. Nobrish, F,R.S., and W. MaoF. Smith 
Laboratory of Phyncal Chemiairy, Cambridge 

(Received 17 June 1040 ) 

The efieotive oroM-aectioa for quenching of sodium resonance radiation 
by the saturated and unsatiiratod hydrocarbons, tertiary amines and several 
diatomic molecules has boon measured. The results mdioato that with regard 
to quenching ability the gases fall mto two groups, one oompnsing the 
saturated hydrocar^ns and tho inert gases and the other the unsaturatod 
hydrocarbons (md tho amines. The difference lu behaviour is too pronounced 
to be explamed m torins of the discrepancy between the amount of energy 
the sodium atom gives up and the quenching molecule can receive, but may 
bo attributed to the prosonoo of unsaturatiun m tho molecule. Within any 
one senes the number of atoms m the molecule apart from the unsaturated 
centre seems to have little influence on the quenching abihty, and it has been 
concluded that the quenching ability may be regarded as proceeding from 
a centre of unsaturation The results have boon qualitatively considered m 
the light of Steam and Eynng’a theory of non-adiabatio reactions, and m 
the termmology of the theory of the mtermodiate complex we may say that 
the presence of unsaturation manifests itself in a relatively large transmission 
coefflciont 


The fate of electronic energy in photochemical prooeeaes ia one of the 
principal problems in the elucidation of the mechanism of these reactions. 
In tho most general case of the photolysis of a polyatomic molecule, the 
energy of excitation may be re-emitted as fluorescence, may give rise to 
unimolecular decomposition or be degraded into thermal energy by 
processes independent of collision, while other processes of reaction or 
degradation involving collisions may also occur. The simplest way in which 
these processes of degradation may be studied, dissociated from the com¬ 
plications of chemical reaction, is by the study of the quenching of the 
resonance radiation of a monatomic gas, for in such systems there is but 
one process which is independent of coUision, namely, the re-emission of the 
excitation energy as resonance radiation, while by a suitable choice of the 
quenching substance we can limit at will the processes dependent upon 
collision to degradation, of the electromo energy or to chemical reaotiap. 

Work of this type has been done on the quenching of the resonance 
radiation of several atomic vapours particularly that of mercury (Stuart 
1925; Noyes 1927; Mitchell 1928; Bates 1928, 1930, 1932; Evans 1934) 
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and Bodium (Mannkopff 1926; Wmans 1930; Terenin and Prileshajewa 
1931, 1932; Kisilbasoh, Kondratjew and Leipunaky 1932). The data 
obtcuned for sodium are restricted to a few unrelated compounds and those 
for mercury suffer because there is the possibility of some ambiguity in their 
interpretation. Quenching of a mercury atom in the first excited level ’Pj 
probably occurs more often through transfer to the near metastable ’Pq 
state rather than to the groimd level In contrast with mercury the 
first excited level of the sodium atom is not associated with any metastable 
state, and quenching must of necessity result in a transition direct to the 
ground state. The magnitude of the energy change involved is so large 
that we may expect to find quite different quenching relationships in these 
processes and possibly some indications of the factors in molecular structure 
which most infiuence the degradation of electronic energy to heat. 

The effective cross-section mentioned above is a convenient quantitative 
measure of the quenching efficiency of a gas. It is defined as follows. The 
number of collisions per sec. per 0.0. per excited atom is, according to 
kinetic theory, given by the expression 

2no-* ^{27tRT(llMi + I/J 4 )} s Zg, 

where n is the number of molecules of foreign gas per c.o. and Jfj is the 
molecular weight of the atomic vapour and molecular weight of the 

foreign gas, and cr is the maximum distance between centres at which 
collision occurs. The value of er> which must be used m this relation to give 
the number of collisions per excited atom per c.c. which is required to 
account for the observed quenching, assuming every collision to be efficient, 
is called the effective cross-section. 

The quantity measured experimentally in investigations on quenching 
is the quenching ratio Q which is the ratio of the amount of radiation 
emitted m the presence of foreign gas to that emitted in the absence of it. 
Zq, and consequently <r*, may be simply related to the quenching ratio if 
it be assumed that the presence of foreign gas does not affect the amount 
of radiation absorbed and if the radiation emitted is proportional to the 
concentration of excited atoms. 

These conditions hold if the vapour pressure of the absorbing atoms is 
so low that only primary resonance radiation is emitted and if the effect 
of Lorentz broadening on the absorption line is negligible and if there is 
no appreciable absorption or emission stimulated by collision. 

The ratio of the concentration of excited atoms in the presence of foreign 
gas to that in its absence is controlled completely, under these circumstances, 
by the probability of deactivation relative to that of emission of radiation 
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in nnit time. This ratio is equal to the quenching ratio. In terms of the 
collision frequency Zq and the lifetime r of an excited atom, the relation is 

Q^lKl+rZ^). 

This is known as the Stem-Volmer relation. Since Zq is proportional to 
the pressure of added gas a linear relationship between \jQ and the pressure 
is, indicated. If the above expression for Zq is substituted in this relation 
there is obtained an expression for tr* in terms of the quenching ratio, the 
concentration of quenching molecules and the lifetime of an excited atom. 

The process of quenching is a collision of the second kind and as such 
has been considered from a quantum mechanical standpoint (Kallmann 
and London 1929; Morse and Stiiokelberg 1931}. Calculations based upon 
hypothetical curves representing the potential energy of the interacting 
particles have shown that the effective cross-section for the process depends 
on the nature of the interaction between colliding particles, on the relative 
velocity before collision, and on the change of relative kinetic energy on 
ooUision, that is, on the difference between the amount of energy the 
excited atom has to give and the quenching molecule to receive. Experi¬ 
mental data have given some support to the assumption that the effective 
cross-section increases with decrease of the discrepancy between the 
differences of energy level in the colliding particles. We would expect such a 
correlation to have general application only if the nature of the potential 
field of the interacting particles were related in a unique way to the value 
of differences of energy level m the isolated particles. If no simple relation 
holds we may expect that the effective cross-section will increase in 
regular mrmner with decrease in the energy discrepancy only in a particular 
series where the law of interaction of the particles is similar. 

It is possible to apply Steam’s and Eyring’s treatment of non-adiabatic 
reactions (Steam and Eyrmg 1935) to the process of quenching. The process 
may be visualized as involving a transition between two energy surfaces, 
one representing the potential energy for configurations of the system 
composed of excited atom and quenching molecule, and the other for the 
system composed of normal atom and quenching molecule. This treatment 
emphasizes that three factors are dommant in controlling the rate constant 
for the process, an entropy of activation, an energy of activation and a 
quantity which is the probability that a system in the activated state yields 
the products normal atom and molecule. This last quantity is a function 
of the slopes of the surfaces at the region of closest contact and of their 
energy difference and depends upon the velocity of the pomt representing 
the states of the interacting puticles. In the absence of knowledge con- 
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oeming the intermediate statea for particular sets of molecule and atom 
this method can only be used to consider the results from a qualitative 
standpoint. This treatment does, however, provide an illuminating method 
of classifying the factors which control quenching efficiency, and will be 
further considered later in this paper. 

It has been suggested that the effective cross-section for quenching is 
dependent on chemical forces of interaction which may be estimated by 
the heat of reaction of the reaction Na-f-.<4S -> Na A + B (Kondratjew and 
Siskin 1936). It appears that the quenching process and non-adiabatio 
reactions may be treated m almost identical fashion, but these two processes 
are quite distinct, and the potential surfaces for describing the processes 
ore quite different. Even if the energy change in such a hypothetical 
reaction could be estimated it is difficult to see on what grounds it would 
be expected to be a quantitative measure of the effect of the factors which 
control quenching. 

The main object of this work is to adduce more experimental evidence 
than is at present available as to the behaviour of different molecules in 
quenching the resonance radiation of sodium. Therefore we have used 
different homologous series attempting to assess in each case the specific 
qualities of molecular structure which can give rise to quenching. 

We have found that with the saturated hydrocarbons quenching is 
slight, and is not markedly dependent upon the number of degrees of 
freedom. On the other hand, quenching is marked with molecules which 
possess a high degree of unsaturation, either in the form of double bonds or 
lone pairs of electrons. Apparently the magnitude of the energy discrepancy 
is not the main factor controlling quenching efficiency. 


Experimentai. 

Apparatvbs 

The general experimental arrangement is indicated in figure 1. The 
sodium lamp L, used as source, was a G.E.C. ‘Osira' laboratory model. 
It was mounted in a metal box from which the radiation could escape via 
lens A to the quenching cell C and via tube R and mirror Q to the opalescent 
screen S. The intensity of the illumination at the screen could be controlled 
by the iris I. The quenching cell had the form indicated and had a blackened 
light trap T opposite the observation window. This cell was placed in a 
double-walled metal box through which was circulated hot air. The air was 
heated by blowing it through a tube heated electrically, and its temperature 
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was oontrolled manually. The temperature was observed by means of a 
thermometer, graduated in tenths of a degree, and could be kept constant 
to better than 0-2® C. The exciting beam entered the thermostat through 
the two glass windows M and the resonance radiation could be observed 
through two others N. The opalescent screen 3 served as comparison source 
with which the intensity of the resonance radiation could be compared 
with the aid of the photometer P. (The two sources were about 3-2 in. 
fipom the base of the instrument and effectively 2 in. apart.) Images of the 



Fiocrb 1. Apparatus. 

two sources were formed in the eye aperture of the instrument, and the 
brightness of the two halves of the field wore matched by means of a wedge 
adjustment W placed in the path of the radiation from the comparison 
source. The ratio of the two brightnesses Pj and Pj could be obtained firom 
the two scale readings and with the relation logP,/P, = 
where a is a constant for the instrument and had a value of 0'077 for light 
of wave-length 6890 A. The ratio of the readings obtained in the presence 
and in the absence of gas is the quenching ratio. Minor variations in the 
intensity of the resonance radiation due to variations in the lamp intensity 
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were accompanied by corresponding variations in that of the comparison 
source and so did not afiFect determination of the quenching ratio. The 
photometer was built and calibrated by Adam Hilger, Ltd. 

The tubing exterior to the thermostat was wound with niohrome wire 
up to the magnetically operated stopper J. Gas was admitted to the cell 
via this stopper and the stopcock K, from the vessel V. This vessel was 
connected with a glass Bourdon gav^e and to bulbs for gas storeige. The 
pressure in the quenching vessel could be determined by direct reading 
with stoppers J and K open Experiments showed that the use of stopper J 
and the heating of the tubing exterior to the thermostat was not necessary. 

Sodium was purified and introduced into the quenching vessel by the 
method suggested by Dunoyer (1912). The sodium was heated in vacuo for 
about 40 rain, to a temperature at which sodium was distilling at an 
appreciable rate so that all oil enclosed m the metal might be removed. 
The bulb containing the sodium was then broken off from the vacuum line 
and was sealed into the end-bulb of a distillation chain It was difficult to 
distil the sodium from this bulb because of the two glass walls, and the 
end bulb was therefore mchned so that the sodium on melting could run 
into the second bulb from which distillation was easy after sealing off the 
end one. Distillation and sealing off was continued until sodium was 
introduced ihto the tubing connected directly to the quenching vessel. 
During the distillation, the distillation chain was directly connected with 
the pump to remove any water or carbon dioxide that was introduced 
during the initial sealing in of the sodium Sodium was then driven from 
the tubing into the quenching vessel, leaving however a mirror of sodium 
lining the walls of the connecting tubing. 

Purification of materials 

Hehum was punfied by passage through charcoal cooled to liquid-air 
temperature. 

Methane was prepared by dropping methyl iodide dissolved in alcohol 
on to a copper-zinc couple. The gas was passed through a 20 % solution of 
fuming sulphuric acid, and was stored over a solution of sodium hydroxide 
and dried and purified by distillation tn vacuo. 

Ethane was prepared by the hydrolysis of zinc diethyl. The tube of 
zinc diethyl was broken in vacuo by a magnetic hammer, and water from 
which the air had been completely removed was allowed to drop on it. 
The gas evolved was passed over phosphorus pentoxide and fractionated 
before use. 

Cyclohexane was a B.D.H. product specially purified for spectroscopy. 
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Iso-ootane was a fraction of iso-ootane obtained firom ‘Dr Sohuohardt 
of Qorlitz’. 

Methyl cyclohexane was a product of Howard and Sons. 

Propane and butane were cylinder gases firaotionated several times before 
use. 

Nitrogen was prepared by heatup sodium azide in voctto. It was first 
heated while connexion to the vacuum pump was maintained until it began 
to decompose. The quantity of sodium azide used during a preparation 
was small, as decomposition occurred with some violence. 

Ethylene was prepared by dropping ethyl alcohol on to syrupy phosphoric 
acid which had been dehydrated and heated to 210° C. The preparation 
was carried out in tiacuo and the gas passed through a trap cooled with solid 
carbon dioxide and ether and then over phosphorus pentoxide. The gas 
was fractionated firom liquid air before it was used. 

Propylene and butylene were cylinder gases fractionated in vacuo several 
times before use. 

Pyridine was distilled, treated with KOH and then with sodium. 

Trimethyl amine was prepared from the hydrochloride by treatment 
with an aqueous solution of potassium hydroxide. The hydrochloride was 
purified by crystallization firom alcohol, and the fioe base was dried over 
potassium hydroxide and was firaotionated three times. 

The ethers were both fraotionaUy distilled and treated with sodiiim prior 
to use. 

1 -6-Hexadiene was fractionally distilled before use. 

Cyclohexene was a B.D.H. product and was firactionaJly distilled before 
use. 

Carbon monoxide was prepared by dropping concentrated sulphuric 
acid on sodium formate and was purified by passage through solid carbon 
dioxide and ether, over soda lime and caustic potash and distiUation 
in vacuo. 


Results 

Some difficulty was encountered in the initial experiments with a fading 
in the intensity of the radiation emitted firom the quenching vessel after 
addition of a quenching gas. It was found however, that with em ample 
supply of sodium in the vessel this no longer occurred, and the relation 
between the quenching ratio and the pressure of quenching gas was the 
same on stepwise removal as it was upon stepwise admission. 

Tables recording the quenching measurements have been deposited in 
the archives of the Royal Society; the results can be inferred firom figures 
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2~and 3. The gases have, for convenience, been divided into two groups 
strongly and weakly quenching; it will be noted that experimentally the 
two groups are quite distinct. In figtire 2, l/Q is plotted against pressure 
for the strongly quenching gases and in figure 3, Q is plotted eigednst pressure 
for the weakly quenching gases. 

In table 1 are given the values of the effective cross-section for the 
strongly quenching gases for the weakly quenching gases. The calcula¬ 
tions for the strongly quenching gasee were made with values of the 



Figttbk 2 

pressure necessary to bring about a diminution in the intensity of the 
radiation emitted to 0*60 or 0*67 of that emitted in the absence of gas. As 
pointed out below the quenchmg ratio for this group of gases is controlled 
almost entirely by the quenching process, and the values of the effective 
cross-sections calculated from these measurements are quantitative 
measures of the quenchmg efficiency. The calculations for the weakly 
quenching gases were made with values of the pressure necessary to bring 
about a value of the quenching ratio of 0-97. The choice of a value of the 
quenching ratio corresponding to low pressures was made because, as will 
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be indicated, fiMtors other than quenching exert an appreciable influence 
on the ratio at higher pieaauree. The values used in the calculations were 
estimated from figure 3 and obviously cannot be expected to 3rield quan- 
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Tablb 1. Qubnchuyo diamktbes 

Effeotiva cross-seclton (<r*) 


Quenching gas (cm.* x 10“) 

Strongly quenching gases: Ethylene 44 0 

Propylene 62-0 

Butylene (I and 2) 68-0 

Cyclohexone 69 0 

Nitrogen 14-5 

Hydrogen 7-4 

Carbon monoxide 28 0 

Benzene 76-0 

Hcxadione 76*0 

Styrene 78-0 

Pyridine 104-0 

Trimethyl amine 6-6 

Weakly quenching gases: Methane O-ll 

Ethane O-l? 

Propane 0 2 

Butane 0 3 

Cyclohexane 0-4 

Methyl cyclohexane 0-66 

Iso-octane 0*8 


titative estimates of the cross-section, but they should indicate the order 
of quenching efficiency. 

To the weakly quenching gases belong the saturated hydrocarbons and 
helium as well as other inert gases (Von Hamos 1932). It will bo noted that 
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the effeotiye oroas-seotion for the saturated hydrocarbons is in all oases 
much less than that holding in ordinary kinetic processes and inoreaseB 
somewhat with increase in oomplexiiy in the quenching molecule. 

The unsaturated hydrocarbons belong to the strongly quenching group. 
Those with one double bond have an effective cross-section greater than 
the normal collision diameter, and this marked quenching ability increases 
slightly with increase in the length of the carbon chain but as indicated 
by the results obtained with the two butylenes, butene 1 and butene 2, 
is independent of the position of the double bond in the chain. Hexadiene 
with two unsaturated linkages possesses an effective cross-section con¬ 
siderably greater than that of those compounds with only one. It is 
interesting to note that benzene, hexadiene and styrene have approximately 
the same quenching diameter. 

Pyridine and trimethyl amine show very marked differences in quenching 
ability. Nitrogen, hydrogen and carbon monoxide have effective cross- 
sections not far from the values indicated by the kinetic theory. 

The results observed with stjrrene deserve special mention. After ad¬ 
mission of styrene to the quenching vessel, the pressure of styrene decreased 
gradually to zero. The amount of quenching decreased with decrease in 
pressure and was equal in magnitude to that obtained when styrene was 
freshly introduced to that particular pressure. In view of the fact that 
styrene pol3rmerizes slowly in the liquid phase at this temperature and 
that sodium does increase the rate of polymerization of other unsaturated 
hydrocarbons (Schulz and Husemann 1936, 1937) such a result is not 
unexpected. 

Experiments were also earned out with butyraldehyde, diethyl ketone 
and diethyl selenido, but in all cases chemical reaction made the quenching 
measurements impossible or uncertain. Butyraldehyde and diethyl ketone 
were removed immediately by reaction with sodium. When diethyl selenide 
was admitted to the quenching cell a very pronounced dimmution in the 
intensity of the radiation occurred. The intensity then rose reaching a 
maximum in about 2 mm, after which it gradually decreased, finally 
reachmg a constant value. During this interval the pressure in the quenching 
vessel mcreased to over twice the original. 


Discussion or bxfbrimbntal method 

As pointed out above, the experimental results may be simply interpreted 
only in the absence of imprisonment of radiation and of Lorentz broa^ning 
of the absorption line. 
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At a temperature of 160 “ C the reeonanoe radiation appeared to come 
only firom the path of the exciting beam, and as in this work the temperature 
of the sodium vapour was close to 130 “ G, at which temperature the vapour 
pressure is considerably less than at 160 “, radiation imprisonment will have 
a negligible effect on these measurements. 

In considering the effect of Lorentz broadening the division of gases used 
into the two groups strongly quenching and weakly quenching is convenient. 
For the strongly quenching gases collision diameters were calculated from 
measurements for which the gas pressure was less than 2 mm. of mercury. 
With the weakly quenching gases measurements were carried out at 
pressures up to 70 mm. 

From the mecMurements on Lorentz broadening of the absorption line 
of sodium (Sohiitz 1927), we may estimate that, at 130 “ C and with a 
pressure of helium of 6 mm. of mercury, the Lorentz breadth is less than 
3 % of the Doppler breadth. As the effective cross-section for Lorentz 
broadening does not vary markedly from gas to gas we may assume that 
for the strongly quenching gases the effect of Lorentz broadening will be 
small compared with that of quenching. However, with the weakly 
quenching gases Lorentz broadening may have a considerable influence 
on the observed value of the quenching ratio, and the quenching curves 
for the weakly quenching gases indicate a deviation from linearity in the 
relation between 1/Q and pressure. The quenching curve for helium indicates 
that at pressures of loss than 40 mm there is an increase in the intensity 
of the radiation above that emitted m the absence of gas. This may be the 
result of an increase in the absorption of radiation due either to Lorentz 
broadening of the absorption line or to oolluion-stimulated absorption and 
emission. It is impossible to estimate the contribution of these two effects, 
but the slope of the quenching curve for helium suggests that their net 
influence is not great at pressures less than 6 mm At the higher pressures 
the effect of Lorentz broadening and shift may be to diminish the amount 
of radiation absorbed. This would seem to be the case with the saturated 
hydrocarbons whose quenching curves indicate a pronounced decrease in 
the radiation emitted at higher pressures 

Reaction of added gas with unexcited sodium atoms might cause a 
reduction in the intensity of the radiation emitted. As the pressure of gas 
is increased the rate of removal of sodium atoms by reaction is increased 
and their rate of supply by diffusion into the r^on considered is lessened. 
Consequently there will be a diminution in the concentration of sodium 
and in the amount of radiation absorbed from the exciting beam and 
consequently in the concentration of excited atoms. The drop in intensity 
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will then be greater than it would be in the absence of reaction. Such 
behaviour is shown by the ethers (figure 4), the quenching curves of which 
indicate quenching at higher pressures far in excess of that to be expected 
from the Stem-Volmer relation and the low pressure values. A pronounced 
dependence of the quenching on the temperature is also shown. With 
increase in temperature the amount of quenching decreases markedly. 
Apparently the increased rate of supply of sodium atoms into the region 
observed more than compensates for any increase in the rate of removal 
by reaction at the higher temperature as far as any effect on the equilibrium 
concentration of the sodium is concerned. This behaviour may be contrasted 
with that of nitrogen for which the quenching curves remain linear and 
the amount of quenching increases slightly with increase of temperature. 



Fiouke 4 

A dependence of the sodium atom concentration on the rate of diffusion 
of the sodium atoms might possibly give rise to local differences in the 
concentration of sodium atoms in the presence of foreign gas and con¬ 
sequently to different quenching curves for observations from different 
sections along the illuminating beam. Quenching measurements carried 
out with nitrogen at different regions along the exciting beam indicated 
no appreciable variation in the quenching curves. Considered along with 
the fact that the quenching curves in which 1/Q is plotted against pressure 
are linear and reproducible for the strongly quenching gases with the 
exception of pyridine, this evidence, while negative and particular, supports 
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the suggestion that the removal of sodium atoms by reaction has a n^Iigible 
efifeot on the quenching ratio. Pyridine when treated with sodium prior to 
use, yielded a reddish deposit and consequently it is not surprising that 
reaction with unexcited sodium atoms occurs at a rate sufficient to affect 
the quenching ratio. 

With weakly quenching gases quite high pressures were used, and it is 
possible that the bend in the quenching curves is partly due to reactions 
of sodium vapour with a trace of impurity. 

We may sum up these considerations by saying that the results for the 
strongly quenching gases may be taken to indicate quantitatively the 
quenching efficiency, but the results for the weakly quenching gases can 
give only serai-quantitative indications. 


Discussion 

The contrast in the behaviour of the hydrocarbons in the quenching of 
the resonance radiation of sodium and that of mercury is evident from 


Tablb 2. Qubnchino diambtbbs 

Effective orowi.aeotion (or*) 


Quenching gas 
Saturated: Inert gases 

Methane 
Ethane 
Propane 
Butane 
n-Hoptone 

223-'i'nniethyl butane 
Cyclohoxano 
Methyl cyclohexane 
Iso-octane 


(cm.'xIO**) (om.*xlO»*) 

(Mercury) (Sodium) 


— aero —Boro 

0 069 on 

0-421 017 

1-60 0-2 

4 06 0-3 

24 0 — 

19 7 — 

— 0-4 

— 0-66 

— 08 


Unsaturatod: Ethylene 
Propylene 
Butene 1 
Butene 2 
Heptane 1 
Heptene 3 
Benzene 


— 44-0 

— 62-0 

— 68-0 

— 68-0 

46-8 — 

86 9 — 

41-9 76 0 


table 2, where the data obtained by Bates (1930, 1932) for mercury is 
listed along with ours for sodium. For the quenching of mercury resonance 
radiation a marked dependence of the effective cross-section of the saturated 
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h3rdrooarbon8 is shown varying from a very small value for methane to 
one greater than the kinetio value for heptane. The results for sodium, on 
the other hand, indicate a small fairly constant effective cross-section for 
quenching by all the saturated hydrocarbons. 2^mansky (1930) has con¬ 
sidered that in the quenching process excited mercury is lowered to the 
nearby metastable ’Pg state by all the hydrocarbons, and with this 
assumption has used the data of Bates to examine the relation between 
the effective cross-section and the discrepancy between the amount of 
energy given up by the mercury atom and that which can be received by 
the hydrocarbon molecule. When the effective cross-section is plotted 
against the energy discrepancy a smooth curve can be drawn through the 
points, and this curve is also satisfactory for molecules such as nitric oxide, 
carbon monoxide and ammonia which possess appreciable dipole moments. 
Bates has pointed out that n-heptane did not fit into the curve, and that 
in view of the photosensitized reaction which occurs with all the hydro¬ 
carbons except methane the metastable state is probably not the one 
attained in quenching. Norrish (1939), on the other hand, has correlated 
the quenching of mercury resonance radiation by saturated hydrocarbons 
with the number of degrees of freedom of the quenching molecule. The 
figures of Bates shown above indicate a remarkable increase as we pass up 
the homologous series of paraffins and it seems probable that when the 
energy transfer involved in quenching is small, and of the order of magni¬ 
tude of vibrational transitions in the quenching molecule, as it is with 
mercury (in the -> SPg transition), then in the absence of other influences 
such as unsaturation, the probability of quenching is largely determined 
by the number of vibrational degrees of freedom. 

In the quenching of sodium resonance radiation by hydrocarbons there 
is no possibility of photosensitized reaction and there is only one transition 
possible and that involves a change in energy in the sodium atom of 
2-094 eV compared with the chan^ of only 0-218 eV associated with the 
transition of the mercury atom to the metastable state. The pronounced 
difference in the behaviour of the saturated hydrocarbons with excited 
sodium and excited mercury may be due to this difference in the magnitude 
of the energy transferred, for it far exceeds the vibration levels of the 
quenching molecules. 

The data for sodium indicate that we may divide the substances used 
into two groups, the first comprising the saturated hydrocarbons and the 
inert gases and possessing small cross-sections for quenching, and the 
second comprising unsatnrated compounds—^hydrocarbons with double 
linkages and amines with unpaired electrons—and possessing cross-sections 
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for quonohing near the ordinary Idnetio values. The various values of the 
energy disorepanoy for the saturated hydrocarbons cannot be sufficiently 
different from those of the unsaturated hydrocarbons to explain this 
pronounced difference in quenching efficiency. It may be noted that the 
molecules of the first group are inert and possess small external fields, while 
those of the second are unsaturated and possess large external fields. 
Apparently the sphere of ‘quenching influence* is somehow related to the 
magnitude of the external field. This is in contradiction to Zemansky’s 
conclusion that the nature of the external field has httle influence on the 
cross-section for the quenching process, but is not inconsistent with the 
theoretical work on collisions of the second kind (Kallmann and London 
1929; Morse and Stilckelbeig 1931), where it is shown that the form of 
the quenching curve depends on the nature of the interaction between the 
particles concerned. 

On the border of the second group may be placed hydrogen, nitrogen 
and carbon monoxide. Nitrogen and carbon monoxide may be regarded 
as possessing a potential unsaturation which will bo made operative by 
the proximity of a sodium atom. Along with hydrogen they probably 
suffer greater distortion on the approach of a sodium atom than any other 
molecule of the group, as both the hydride and azide are easily formed. 
While this interaction brings about the conditions necessary for the 
transition process it is considerably less effective than the unsaturation 
conferred by the presence of a double carbon to carbon linkage. 

The quenching process may be pictured as involving a transition of the 
representative point for the system, sodium atom and quenching molecule, 
from one potential surface to another. Eyring’s expression for the specific 
rate constant for quenching as developed from such a picture is 

K = K{kTlh)exp{ASIIt)oxp(-^«/BT), 

where A 8 and AE are the entropy and energy of activation and k is the 
transmission coefficient. The entropy and energy of activation give quan¬ 
titative expression to the factors which control the concentration of the 
quasi-molecule composed of excited atom and quenching molecule in the 
states from which transition to the lower surface may occur, and the 
transmission coefficient represents the probability that, once the repre¬ 
sentative point is in the region of closest approach of the surfaces, transition 
to the lower surface and motion along it corresponding to separation of 
the atom and molecule occurs. 

The influence of the energy and entropy of activation on the quenching 
efficiency is examined below, where it is pointed out that while it may be 
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appreciable, it cannot be sufficient to explain the great difference in 
quenching ability shown by the two groups of quenching gases. The 
transition probability, however, depending upon the nature of the potential 
surfaces, may vary enormously and is doubtless the factor to which 
pronounced differences in quenching ability may be attributed. 

The large cross-section for quenching by the unsaturated compounds 
suggests that transition occurs at such a separation of atom and molecule 
that the repulsive force, and consequently the energy of activation, is smaU. 
For the saturated hydrocarbons there is the possibility that the potential 
surfaces approach only at distances so small that considerable repulsive 
forces are called into play, and so that there is an appreciable energy of 
activation. Measurements made with the saturated hydrocarbons at other 
temperatures indicated no marked change in the quenching efficiency, as 
would be expected if there were a large energy of activation. The experi¬ 
mental evidence is not sufficient however, to draw from it any definite 
conclusions about the energy of activation. 

An appreciable positive entropy factor indicates that there is greater 
randomness in the intermediate complex than in the normal atom and 
molecule and an appreciable negative factor indicates that the state for the 
intermediate complex demands some peculiar orientation of the molecule 
and the atom. (There must always, of course, be the factor corresponding to 
the condition that the atom and molecule are in each other’s neighbourhood 
m the mtermediate state.) Quenching, in general, may be expected to 
involve less distortion in the participating molecules than does chemical 
reaction, and consequently no great alteration in the randomness of the 
mtermediate state compared with that of the separated atom and molecule. 
Likewise, although it is conceivable that the molecule might have to attain 
a peculiar orientation of its own atoms for quenching, there is no reason 
to suppose that this would be necessary for the substances employed in 
this work. On the other hand, a particular orientation of molecule relative 
to the excited atom may be necessary. The large effective cross-section for 
the unsaturated hydrocarbons, and the fact that its magnitude is nearly 
independent of the position of the double bond in the molecule, suggests 
that the necessity for orientation does not play an important part in this 
quenching process. The small effective cross-section of tri-methyl amine is 
consistent with the assumption that a peculiar orientation of the amine 
molecule relative to the excited atom is necessary. Pyridine, on the other 
hand, has a very large effective cross-section and may be classified with 
the compounds possessing double linkages and for which orientation is not 
an important prerequisite for transition. 
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A small variation in the efFeotive oross-seotion in any series of compounds 
is to be expected on theoretical grounds, and is attributable to variation 
in the transition probability. Other factors remaining unaltered, the 
probability of transition depends on the velocity of the representative 
point in the region of the potential surface corresponding to the inter¬ 
mediate state, and in the quenching process this runs parallel to the relative 
velocity of the sodium atom and quenching molecule, for with increase in 
molecular weight the average velocity of the molecule will decrease and 
the effective cross-section mcrease. In view of the small increase actually 
observed with the hydrocarbons with one urmaturated linkage it appears 
that the number of atoms in the molecule has little effect on the ({uenching 
efficiency. Indeed, we may think of the ability to quench as proceeding 
from the unsaturated centre just as we think of the ability of a large 
molecule to absorb radiation as belonging to a chromophoric group. 
Further evidence for such a view is furnished by the two butylenes, butene 1 
and butene 2, which have the same effective cross-section for quenching. 
It 18 also mteresting to note, in connexion with the sphere of ‘ quenching 
influence’ surrounding a molecule, that hexadiene with two unsaturated 
linkages has nearly as great on effective cross-section as benzene and 
styrene. 

Acknowledgement is due to the Commissioners of the Exhibition of 1851 
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On maintained convective motion in a fluid 
heated from below 

By Anne Pellew and R. V. Southwell, F.R.S. 

(Received 1 Jvly 1940) 

Thu (Wiper examinea the fltabthty in vibcoub liquid of a ateady regime m 
which the temperature dooreaaea with uniform gradient between a lower 
horizontal aurfaoe which u heated and an upper horizontal surface which 
u cooled. The problem haa been treated both experimentally and theoretically 
by R6nard, Brunt, Jeffreys, Low and Rayleigh, and it u known that 
instability will occur at some critical value of gh*Aplpkv, h denoting the 
thickneas of the fluid layer, dpip the fractional excess of density m the fluid 
at the top as oomparod with the fluid at the bottom surface, k the diffusivity 
and V the kmematic viscosity. The critical value depends upon the conditions 
at the top and bottom surfaces, which may bo either ‘free’ or constrained 
by rigid conducting surfaces. 

The theoretical problem u solved bore under throe dutmot boundary 
conditions, and greater generality than before u maintamed m regard to 
the ‘cell pattern' which occurs m plan. In addition an approximate 
method u described and illustrated, depending on a stationary property 
akin to that of which Lord Rayleigh made wide apphcation in vibration 
theory. 

Withm the assumptions of the approximate theory (i.e. with neglect of 
terms of the second order in respect of the velocities) a particular size is 
associated with every shape of coll (such that ‘a*’ takes a preferred value), 
but no particular shape is mure likely than another to occur m a layer of 
indeflmte extent ($31). The explanation of the apparent preference for 
a hexagonal cell (lattem ({ 5) must presumably be sought m a theory which 
takes account of second-order terms. This conjecture if correct goes some 
way towards explainmg the rather mdeflmte nature of observed cell- 
formations (of. Low 1930, figure 10). 

The physical problem 

1 . When in a stationary fluid some layer has greater density than others 
which lie below it, its equilibrium is plainly unstable in the sense that even 



313 


Convective motion in a fluid 

a small disturbance may result in a completely changed regime. The 
difference in density may either be intrinsic, as when water condenses on 
the upper surface of a layer of oil, or it may be due to such causes as unequal 
salinity or temperature: in that event it will tend in time to be counteracted 
by diffusion, and convective (i e. molar) motion of the fluid will not result 
if the diffusivity be sufficiently high. But diffusion may in turn be counter¬ 
acted by some cause tending to maintain the inequality of density,—as 
when a fluid has its upper surface kept at constant temperature and heat 
is applied to it from below.* The question of stability in these circumstances 
has physical importance from several aspects. It appears to have been first 
studied by Lord Bayleigh (1916) in relation to experiments made by B4nard 
(1900). 

In a theoretical treatment of the problem it is natural to assume that the 
top and bottom surfaces of the fluid are plane and horizontal so that its 
depth has a constant value A, and to take as the other boundary a vertical 
cylinder having any shape of horizontal cross-section. This cylindrical 
surface, or ‘cell wall’, may either be a material boundary (e.g. in experi¬ 
mental work) or it may be a surface of symmetry between adjacent cells 
of a ‘convection pattern’ occurring spontaneously in a fluid of infinite 
horizontal extent. In both instances we may impose the condition that 
no heat is transmitted throv/gh the ceU wall, either because its material is 
thermally non-conductingf or in consequence of the predicated symmetry. 

2. At the top or bottom surface, on the other hand, either of two con¬ 
ditions may be postulated* the material in contact with the fluid may be 
(thermally) either an insulator or conductor. In the first event no heat is 
transmitted, so the normal gradient of the temperature vanishes at the 
horizontal surface; in the second we may postulate that a uniform and 
8i>ecified temperature is maintained at every point. Here we shall impose 
the second condition at both surfaces, on the ground that only so can steady 
convective motion be maintained. Clearly, if one surface is a thermal 
insulator then all parts of the fluid must come in time (by conduction) to 
the temperature of the other, and a like regime of uniformly distributed 
temperature (manifestly stable) must result when both surfaces are non¬ 
conducting; so unless the temperature at each surface is kept constant at 
some cost in heat transmission, any instability discovered in analysis must 

* Tho heat must of course be supplied from above if the fluid has a negative 
ooefilcient of thermal expansion (e.g. water close to its freezing point). Cf. § 20. 

t Non-conducting material would almost oertamly be used in experimental work. 
Heat transfer through the cell wall would entail prohibitive complication. 
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relate to some temporary distribution of temperature, and will be succeeded 
by some motion having (ultimately) the nature of a damped oscillation or 
subsidence.* 

3. Not only the temperature but also the velocities have to satisfy 
appropriate conditions at the boundaries. When the fluid has viscosity, 
material boundaries (over which it cannot shp) will require all three 
components of velocity to vanish, surfaces of symmetry will entail a like 
number of conditions.f Detailed investigation shows (§11) that the problem 
can be formulated in terms either of the temperature ( 6 )X or of the vertical 
component of velocity (w), that both quantities are governed by equations 
of a like mathematical form, and that at every point of every boundary 
three conditions (in all) are imposed. Having determined 0 wo can deduce 
w and vice versa, and when w has been determined a supplementary calcula¬ 
tion leads to the other two components of velocity, one further governing 
equation being mvolved together with one new condition at every boundary. 


RbVIKW ok previous HATKEMATICAli INVESTIOATIONS 

4. Rayleigh’s mathematical treatment proceeds primarily in terms of w, 
that of Jeffreys (1926) primarily in terms of the temperature (for which 
he employs the symbol F). Both assume that equations expressing the 
conditions of neutral stability are obtained when second-order terms are 
neglected and all time variations made zero, i.e. when the assumed regime 
entails steady velocity and temperature at any one point, the velocity being 
everywhere small Jeffreys (§ 1) examines this assumption in some detail, 
showing that in effect it disregards the jmssibility that two exponential 
time-factors may coalesce and become conjugate complex quantities, so 
as to have finite imaginary parts when them real part vanishes. He cites 
Rayleigh as havmg disposed of this possibility in relation to boundary 
conditions of a special type, and himself makes appeal to experiment to 
confirm that it is not the type of motion that does in fact arise when 
equilibrium breaks down. In this |>aper (which follows Rayleigh in dealing 
primarily with w) a more detailed investigation (§§ 16-18) seems to establish 

• It would Boem that one of Joffreys’s results (cose (2) of § 6) must be mterpreted 
m this sense. Raylei|{h’s disaussion (like tins paper) is restricted to the case of 
two conducting surfaces. 

t In the classical experiments of B4nard (of. f 1) the bottom (heated) surface was 
a motalUo plate, the upper (cooled) surface was usually free. 

t More precisely, 0 stands for the ohiuige of tomperature due to oonveotional 
motion. 
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positively that any oadUatory motion must of necessity decay, consequently 
in seeking the conditions for maintained convective motion we may confine 
attention to modes associated with real exponential time-factors, and 
limiting conditions of stability are in fact obtained when all time variations 
are made zero. 


SCOPB OF THE PRESENT PAPER 

6. A point of novelty in the present paper is the standpoint adopted in 
r^ard to the shape of the cell wall (§ 1). Rayleigh’s treatment is restricted 
to rectangular cells, on the ground that ‘by Courier’s theorem the motion 
in its earlier stages may be analysed into components, each of which corre¬ 
sponds to rectangular cells whose sides are fixed axes arbitrarily chosen 
On the other hand he asserts that ‘on a more general view.. .the dis¬ 
turbance which develops most rapidly may be assimilated to... the free 
vibration of an infinite stretched membrane vibrating with given frequency 
and he makes some approach to a theory of the hexagonal cells which appear 
from B^nard’s experiments to bo the final and permanent regime, by treating 
the hexagon as a slight deviation from the circular form He states in regard 
to cells having the forms of equilateral triangles or hexagons. ‘I am not 
aware that an analytical solution has been obtained for these cases.’ 
Jeffreys (1926, 1928) follows him in assuming rectangular cells for the 
purpose of a mathematical treatment. By contrast, in the analytical part 
of this paper the shape of the cell is left indefinite, its influence on the motion 
being represented by a parameter o* which can be interpreted on the basis 
of the ‘ membrane analogue ’ noticed by Rayleigh in the sentence cited above. 
a is proportional to the gravest natural frequency of a uniform membrane 
having the shape of the cell in plan and vibrating transversely under 
appropriate edge conditions. In this way the main problem is reduced to 
that of relating the ‘characteristic number’ —fiyh^jkv (§20) with a*, and 
the separate problem of evaluating o* for any specified shape of cell is loft 
for approximate treatment by ‘relaxation methods’. A suitable technique 
has been evolved by D. G. Christopherson, who was led by this enquiry to 
discover an exact functional solution for the hexagonal cell. His work is 
cited in § 30. 

6. Not only in regard to cell shape but also in the variety of the con¬ 
templated boundary conditions this investigation has a wider range than 
Rayleigh’s. He for simplicity assumed that horizontal velocities can occur 
(although vertical motion is prevented) at both the top and bottom surfaces, 
whereas at a solid boundary such velocities are excluded by the requirement 
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of ‘no Blip'; consequently the conditions of his solution are unreal, unless 
(possibly) in relation to meteorology. Jeffreys dealt also with the cases 
(1) of two rigid and conducting boundaries and (2) of a bottom boundary 
rigid and conducting, with a free non-conducting surface at the top. For 
reasons stated earlier (§ 1 and footnote), case (2) would seem to relate to 
a merely temporary instability. 

In this paper uniform and constant temperature is postulated at each of 
the horizontal surfaces, but these may either be fiee or in contact with rigid 
surfaces preventing slip. Solutions are obtained for a range of values for 
o* (§ 6), and are believed to be correct to five significant figures. The treat¬ 
ment though laborious is not difficult, and in a preliminary exploration it 
can bo replaced by an alternative method (believed to be new) which is 
justified in § 34 by the proving of a stationary projierty analogous with that 
of which Lord Rayleigh made wide application in the theory of vibrations. 
Concluding sections of the jiaper deal with the supplementary determination 
of 0 and of the horizontal component velocities u and v. 

7. Grateful acknowledgement is made of help received in the preparation 
of diagrams from the Secretary and staff of the Aeronautical Research 
Committee. 


General theory 
The governing egwUtons 

8. In rectangular co-ordinates {Ox, Oy lying in the bottom horizontal 
plane and Oz being directed vertically upwards) the complete equations 
of motion are 

p^^(u,v,w) = p{X, y,Z)-^^^,^, ^p + vpV*{u,v,w) (1) 

in the customary notation (Lamb 1924, § 328), and in this problem we have 
A' = 0, r = 0, Z = -g. (2) 

The equation of continuity is (Lamb 1924, § 7) 

Dp Idu dv dw\ 

and the equation of thermal expansion is 


P=A>o(l-a®) 


(4) 
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when the fluid (assumed incompressible) has density at the temperature 
from which d is measured, a denoting its coefficient of expansion. Finally, 
the equation of conduction for heat is 

^ = (5) 


k denoting the diffusivity for temperature. 


9. In the initial (steady) state u, v, w vanish severally, so that the first 
two of (1) require that p => pg shall be independent of x and y, and the third 
reduces to 


0 


dz ’ 


(i) 


Po denoting the initial (steady) pressure at {x,y,z). Equation (3) is then 
satisfied identically. 

The temperature is steady and independent of * and y, so that (6) 
reduces to 


0 


(ii) 


Therefore we may express the initial temperature 0^ in the form 

= ( 6 ) 

P being a measure of the ‘steady temperature gradient’. Then is the 
temperature at the bottom horizontal surface (z = 0), and at the top 
surface 

z = A (say), 0, = ©„+(say). (7) 

Again, in the steady state we have from (4) 

p=.pg(l-a0o), (lii) 

or, if pg be now defined as the density corresponding with Og, 

p = Po{l - a(0g- »„)} =» Po(l -ayffz), by (6). (iv) 

Therefore according to (i) 

^^-gpoil-afiz). ( 8 ) 

10. Now let u, V, w, the velocities in the convective motion, be assumed 

sufficiently small to justify neglect of their squares and products: then in (1) we 
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may replace DjDt by 0/8(. The oonaequent change of temiwrature will also 
be small, so that writing 

e = 6^ + 0 = e^+fiz+dhy (6) (v) 

for the temperature as modified by convection, we may n^lect terms of the 
second order in u, v, w, 0. Substituting from (v) in (6), on this understanding 
we deduce that 

-/?«» = (9) 

also we have from (4), being defined in (iv) of § 9, 


p = - a(e - «o)} = />o{l - (vi) 

Comparing (vi) with (iv) we see that the increment in p which results from 
the convective motion is a fraction 


aO 

l — afiz 


(vii) 


of the steady value, and so (on the above convention) may be neglected when 
it is multiplied by u, v, w or 6. Similarly, writing 


P^Po+P 


(viii) 


for the pressure as modified by convection, wo deduce from (1), in virtue of 
(8), the three equations 

in which 7 = ffa 



and 0 and p have the meanings given above. 

In (10) p stands for the density in the steady state as given by (iv) of § 9, 
so dei>endB, strictly speaking, both on z and But a similar argument shows 
that its non-constant part may be neglected when (as hero) it is associated 
with p, and thus m (10) without sensible inaccuracy we may treat p as 
constant. In other words, we may treat a as negligible except in association 
with gr: i.e. we may (with Boussinesq and Rayleigh) disregard in this problem 
the change of density due to temperature, ‘except in so far as it modifies 
the operation of gravUy ’* 

Consistently with this approximate treatment we may replace (3) by 
du Sv „ 

dz ~ ’ 

* Rayleigh 1916, p. 436. 


( 11 ) 
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Binoe the quantity which is then n^lected, namely 
1 ^ 
pDt’ 

vanishes with a when we substitute for p from (vi). 

11 . Eliminating u and v by combining (11) with the first and second of 
(10), we have 

VJ standing for d*ldx*+ d*ldy*, and p being again treated as constant. Then 
eliminating p between this equation and the third of (10), we find that 

= (12) 

Another relation between w and d has been given in (0) of § 10 If between 
(9) and (12) we eliminate 0, there results 

[(If - (I - (^ 3 ) 

Eliminating w we obtain a like equation in 0. 

12, If we can solve for to, then we can deduce 0 from (12) combined with 
boundary conditions which have still to be discussed. We can also deduce 
u and V, smee from the first and second of (10) we may eliminate p to obtam 

—an equation which can be solved by writing 

_ 

dx ay’ ay^'a*’ 

where 4> is unrestricted and (14) 

Then equation (11) requires that 



and (14) and (16), in combination with appropriate boundary conditions, 
serve to determine ^ and 
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Separation of thi variables. The rnembrane analogy 
13. We are concerned (§ 1) with cells which are bounded by a vertical 
cylinder and by two horizontal surfaces, so an obvious first step to the 
solution of (13) is the separation of the variables x and y from z by the 
assumption that w has the form f{x,y).F{z).0{t), where VJ/oc/ and d>(0 
is an exponential function. Accordingly we now impose the condition 

A*V*tt;+a»ti» = 0, (16) 

in which h denotes the depth of a ceU and o* is a ‘characteristic number’ 
not yet determined. 

As remarked by Rayleigh (of. § 6), an equation of the form of (16) governs 
the displacement (w) of a uniform membrane having the cell wall as boundary 
and vibrating freely in a ‘normal mode’. If (§ 1) the cell wall is a material 
boundary on which the fluid cannot slip, then w must bo kept zero at the 
boundary: if it is a surface of symmetry (as assumed by Rayleigh), then 
the normal gradient dw/Sn must vanish in virtue of that symmetry. In 
either event a like h must be real, since we have by Green’s theorem, 
according to (16), 

a*jju)*dxdy = -h*jjwV\wdxdy 

the line integral is zero and both of the surface integrals are necessarily 
positive, so a* is a positive quantity. 


The boundary conditions 

14. At every boundary physical conditions are imposed both on the 
temperature (d) and on the fluid velocities («, v, tv); but eveiy condition can 
be expressed in terms of either quantity, since 6 is related with w both by (9) 
and (12). 

Writing n for the normal to the cylindrical boundary drawn outwards, 
we have at every point of that boundary; 

If this is a surface of symmetry (as assumed by Rayleigh) 


dw 

dn 


0 


and 


W 

9n 


0 ; 


(18) 
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if this is a non-conducting rigid surface on which the fluid cannot slip (e.g. in 
experiment: cf. § 1 and footnote) 

u? = 0 and ^“0 aa before. (19) 

The condition imposed on w serves to define the parameter o* of § 13. 
The condition ddjSn = 0, imposed at every point of the cell wall (i.e. for all 
values of 2 ), requires according to (0) and (12) that 

If w satisfies equation (16) this relation is satisfied identically when dwjdn — 0 
at every point of the cell wall, consequently the second condition (18) is 
equivalent to the first. When the cell wall is a non-conducting rigid boundary 
at which «i = 0, the second of (19) can be replaced by (20). 

16. The top and bottom surfaces may be either free or constrained by 
rigid boundaries, but in either event are assumed in this paper (cf. §2) 
to be maintained at constant temperature. At a surface w and dujdt, 
dv/dz will vanish, therefore dhojdz* in virtue of (11), at a rigid surface on 
which the fluid (»nnot slip, w must vanish with u and v, i.e. with dwjdz-, 
on a surface kept at constant temperature we have 0 » dg always, therefore 
0 « 0. Accordingly at these surfaces we may have either of the following 
sets of boundary conditions: 

If the surface is free 

w = Dhv - 0 and 6 = 0, (21) 

if the surface is defined by a rigid boundary 

w = l)w = 0 and 6 = 0, (22) 

D denoting where f » 2 /A. 

As in § 14 we can express the condition 6 = 0 ae a third condition to be 
satisfied by w. For since ^\6 will vanish with 6, according to (12) we have 

(i) 

at each surface, whether it be free or constrained by a rigid boundary. 
Also from (9), when w = 6 = 0, it follows that W vanishes, therefore 
V*VJ0; and so according to (12), at either type of boundary 

[|-vV«JvHo = 0. (ii) 



A. Pellew and R. V. Southwell 


This, however, is not a new condition, being a consequence of (i) and of the 
first of (21) or (22) according to the governing equation (13). 

Combined with the first and second of (21), equations (i) and (ii) show that 
at a free turf ace 

w = Dho = i)*tc = ... etc. » 0. (23) 

At a rigid boundary, (i) replacing the third of (22), we have 

w = Dw= Vhc = 0. (24) 

Either set of conditions, in combination with the governing equation (13), 
will serve to determine to, and until solutions in to have been obtained we 
need not again consider d. 


Nature of the exponential time factor 0(1). The possibility 
of oscillatory convecttve motum 

16. When 0(t) oc as assumed in § 13, according to (9) and (12) 

[<r — ifcV*] 6 = — fiw, [<r— vV*] Vho = yV\6. (26) 

Eliminating 6 between these relations in the manner of § 11, we have 

[or*V* _ (^+1,) o-V*+ kvV* +■ PyVW w = 0, (26) 

which is the form assumed by (13) when (^Idtsa-. We now examine the 
possibihty that tr may take complex or imaginary values. 

A complex or imaginary value of a- will be associated with a complex 
form of w in (26), and its conjugate or', in association with w' the conjugate 
of w, will also satisfy that equation together with the boundary conditions 
(18) or (19), (23) or (24). Moreover according to (25) 6 will be complex 
with w, and its conjugate O', in association with <r' and w', will also satisfy 
equations (25) together with the boundary conditions imposed on d: that 
is to say, corresponding with (26) wo shall have the relations 

to-' - iV*] 0' = - pw', [</ - vV*] = yVf (9'. (27) 

Then from the first of (25) and second of (27), by cross-multiplication, there 
will result 

pw[tT' - vV*] Vho' +yVJ 0'[er - i-V*] 0 = 0. (28) 

17. Now let the left-hand side of this equation be integrated throughout 
the volume of one cell. Having regard to the boundary conditions (18)-(22), 
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which are satisfied by w, w' and by 0, and taking account of (16), with the 
aid of Green’s transformation we find that 


fff/ 17*./ dwW (hvdw'X ff rt 

- V>ioW) ii(vol.) - JK® 


where as in § 13 « denotes the boundary of a horizontal section of the cell 
wall and n the outward normal to that boundary. (Thus dsdz = d8g, an 
element of the cell wall, and dxdy <== dS),, the element of a horizontal surface.) 
dS denotes, indifierently, either dS^ or dS^, and v denotes the outward-drawn 
normal to dS, in a surface integration extending to the whole cell boundary. 
Suffixes 0 and 1 relate respectively to the lower and upper boundary. 

In virtue of those relations, the result of the integration performed on (28) 
may be vnitten as 

fio'li + flvlt+yoli+kylt = 0, (29) 

where 

T j. 1 r . X 1 rrr/3w3u;' SioBw' dwdv}'\,, ,, 

1, stands for the mtegral + d[vol), 

/i stands for the integral j*j'Jv*wV*ic'd(voI.), 

/3 stands for the integral + 1d(vol.), 

/* stands for the integral J d(vol.). 

(30) 
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18. If we had started (§ 10) by cross-multiplication between the second 
of (25) and first of (27), the relation corresponding with (29) would have been 

fia-Ii+ -I- y<r7j + kyl^ = 0 , (31) 

as is evident from the symmetry of the expressions (30). Now writing 
<r = p-\-tq\ 

. (32) 

or 

in accordance with § 16, we have by addition of (20) and (31) 
j>(/^A+y4)+Mi+*yA = o,| 
and by subtraction 9{yh~fih) = 0J 

in which the /’s are all positive according to (30), since every integrand 
consists of one or more products of conjugate complex quantities. 

Since v and k are positive by definition, the first of (33) shows that p 
will be negative (i.e. the time factor <P(<) will be one of decay) unless fiy is 
negative; and if is negative q must be zero according to the second of (33), 
i.e. 0{t) must be exponential with real index pL Consequently, while 
oscillatory motions are not excluded by this investigation, they are per¬ 
mitted only in circumstances making for stability, i.e. m which they decay. 
Whenever maintained convective motion is possible, <r in § 16 must bo real: 
therefore limiting conditions of stabihty are in fact obtained (§ 4) when all 
time variations are made zero. 


Critical conditions. The aimphfied equations 
19. Accordingly we now proceed on the assumption that (r= djdt is zero, 
so that (13) and (26) are replaced by 

[A:i^V*-fy?yVfj«> = 0, 

or [kt>{D*—a*)*—fiyh*a']w = 0 (i) 

according to (16), D denoting djd^ as in § 15. Similarly equation (14) is 
now«plM»dby V•V!l^.0, (14) A 

and (24) by w = Dw = (/)*—o*)*ui = 0. (24) A 

For convenience we shall write (i) in the form 

[(Z)*-a»)’-|-AV]w = 0, (34) 


where 


W 


(35) 
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Our immediate problem ia to relate A with a and thereby to find the lowest 
value of the ‘ characteristic number ’ —fiyh*lkv for which steady slow motion 
can occur. 


20. The sjrmbol A was used by Jefiroys to denote this cluuticteristio 
number: Rayleigh, using y and v in their present connotation, writes 
for for A, k for k. Following Rayleigh we may obtain a physical 

interpretation by writing — ©o)/* fo** A 9(Pi ~Po)IPoi^o ~ ®i) 7* where 

6i, Pi and pg, as in § 9, stand fur the temperatures and densities in the 
initial (steady) regime at the top and bottom surfaces respectively. Then 
the characteristic number is given by 


-M* _fff>^Pi-Po 
kv kv po ’ 


(36) 


in which (pi—Po)/Po ^ the fractional excess of density in the fiuid at the 
top as compared with the fluid at the bottom (heated) surface. When a 
and therefore y is negative, to maintain convective motion heat must be 
supplied at the top surface,* but the characteristic number will stiU be 
given by (36). 


21. We have shown that A* must be positive, since it was proved in § 18 
that p must be negative unless fiy is negative, and the other factors of A* 
(namely, k, v and A*) are positive. Using (34) we can proceed further: for 
on multiplying that equation by (X>*-o*)*w and then integrating with 
respect to ^ in the range 0 4 ^ < 1 (i.e. between the lower and upper horizontal 
surfaces) we have 

A®a*J* w.(ZJ*-o*)*u;dC=-J {D*~a*)*w (i) 

D standing for 0/3^ as before, also 

£ [w. {D* - a*)* a*) w}*] df = D{D* - a*) - Zhtr. (Z)» - a*) 

f. 

J ^ [(/)»- o*)a w. (/)* - o*)® w + {D(D' - o*)» w}* + a*{(Z)» - a*)* «?}*] 

= [^(J5*-a»)*w.Z)(Z)*-o*)*wJ, (iii) 
and the quantities on the right of (ii) and (iii) vanish at both limits, in virtue 
* Cf. footnote to § 1. 



326 A. Pellew and R. V. Southwell 

either of the boundary conditions (23) or (24) A. Consequently (i) is 
equivalent to 

A»o«£{(D*~a*)w}*d^ = J‘[{/)(D*-a*)*«;}* + o*{(D®-o»)*w)}*]«lf, (37) 
and both integrals in this equation are positive. 


Exact soi.otions of thk simpijfibd kquations 

22. Having shown that A is positive, we may solve (34) symbolically in 
the form 

2>* = a*{ 1 - A X (wi, W 3 )}, (38) 

where 

are the three cube roots of unity, so that f 

= Wj, &>§ = w,. j 

The most general solution can then be written in the form 

w = AiC08h2/<i^+i4,cosh2/<,f+Ajcosh 2fi^^ 

+ £tsinh2/fj^+B,sinh2/t,^+B3Binh2/t,^, (40) 

where Ai, Aj, A^, 5, are arbitrary and Afi\, 4/<|, 4/i| are the three 

values of D* as given by (38). There are six arbitrary constants, therefore 
three conditions can be satisfied at each of the horizontal boundaries; but 
except for particular values of A the solution will be nugatory in that all 
six constants are zero. 

Eor convenience we shall now change the origin of ^ so that the lower and 
upper boundaries are defined by^ = — J, ^ = + ^ and the range of f is 
— 1 < 2^< 1. Then in (40) we can separate ‘even’ and ‘odd solutions’ in 
the two symmetrical cases, viz. 

(o) that of two free surfaces (Rayleigh’s case: cf. § 6), in which the botmdary 
conditions (23) must be satisfied when 2^ = ± I, 

(5) that of two rigid boundaries, in which the conditions (24) A must be 
satisfied when 2^ a + 1. 

In our third case (c) one surface is free, the other constrained by a rigid boundary, 
so (23) must be satisfied at one and (24) A at the other of the limits 2^ » ± 1. 
Here, by reason of the asymmetry, all six terms will appear in (40); but we 
shall find that in fact solutions for case (c) can be based on those for case (6). 
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Case (a). Two free eurfaca. 

23. The solution for this case is simple. The ‘even’ solutions are derived 
from 

w = .4iCOsh2/ii([+.d,co8h2/t,f+.4jCOsh2/tj^, (41) 

where by (23), since ;ti+/tj 4= /*a, 

.dj^cosh/t^ = A^dodx/i^ = .djoosh/t, «= O. 

Hence we have solutions typified by 

w >= A coshtnn-^ = A coannC, (42) 

A being arbitrary and n having any (non-zero) int^al value; and on 
substituting from (42) in (34) we deduce that 



The ‘odd’ solutions are found in the same way to be tjn^ified by 

w = - iB sinh 2imn^ = J5 sm 2tnnC, (44) 

B being arbitrary and m having any (non-zero) integral value; and we have 



Case (6). Tiw rigid boundaries. 

24. Here again even and odd solutions can be separated and the even 
solutions are given by 

w = . 4 iCO 8 h 2 /ti 5 +.( 4 , 0 OBh 2 ^^-f.d 30 OBh 2 ;t,^, (41) bis 

but now, since (24) A must be satisfied when 2^ = ± 1, we have 
.AiCosh/{^-l-A,co8h/{3+Ajoosh^ = 0, 
/*i.disinh;ti+/*i.4,sinh/t,-)-/t8A8 8inh/t3 = 0, 
(^}-o*)*.4iCosh/ti-f-(4/iJ-o*)*A,coBh;t, + (4/<|-a*)*A3Cosh;t, = 0, 
showing that A^, A,, Ag will vanish severally unless 

cosh/ti, oosh/t,, oosh/t,, = 0. (46) 

^sinh/tj, /tjsinh/t,, /r,sinh/t„ 

<u{cosh/(i, (Kjoosh/ti, e^oosh/i. 


Vol. 176. A. 
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(The third line of the determinant haa been simpMed after substitution 
for /i\, accordance with their definitions in § 22.) 

<a\, a)\, ti)\ having the values (30), since are non-zero an equivalent 

condition is 

1 , 1 , 1 , = 0 , 

/ijtanhyU|, /tjtanh/t}, /t,tanh/t,, 

0. V3+». V3-» 

i.e. 2t/titanh/ti-f-(^3-t)/ijtanh;t,-(.^3 + »)/t 3 tanh/ts = 0. (47) 

26. Now writing 

2/i, = {A—tB)a, 2 /t 3 = {A + iB)a, 
we have from the definition of /(, in § 22 

A*-B^ = l + ^\, 2AB = ^^\, 
and hence by elimination of A 

Moreover we have 

2/ii = K* V(A - 1 ) = »o V{(B -I- ^9 A )* - 4A*}, (40) 

so (47) can be written in the form 

In exactly the same way, starting with an odd solution in the form 

w= Bj8inh2/tif-(-5,Binh2/t,^-|-/ijBinh2/tj^, (61) 

we obtain a condition similar to (47) but with hyperbolic cotangents re¬ 
placing the hyperbolic tangents. Making the substitutions (48) we can 
transform this to 

which is similar to (60). 

26. Solutions of (50) and of (62) can bo obtained by plotting curves to 
represent the quantities on their left- and right-hand sides. From (48) 
we have 



{A+^3B)* = <tA*-3, 
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whence (einoe A and therefore AB must be positive) 

= V(4-d*-3)-^ and ^*>1. 

Then we have 

^ + V35 = -3). yl3A-B = j^{4A - V(4^*- 3)}.| (53) 

also A-1 = ^^ 3^-1 = ^^{V(4^*-3)-^}-1, ) 

by (48). Hence, giving A a series of values in excess of unity, we can cal¬ 
culate, once for all, corresponding values of the coefficients B, (A -I- ^318), 
(^3/1 - B) and .^(A -1). The sign of .4 is immaterial provided that i4 J? is kept 
positive. 



If now 2x stands for the quantity ay/(A — 1), j 

a stands for the ratio AlyJiA — 1), 
stands for the ratio ii/V(A -1). 
y stands for the ratio {A + ^3 fl/^(A - * )i | 
d stands for the ratio (.y/3.4 — fi)/:y/(A-l),j 


(64) 


ao QuU X, X, p, y, S rum have new aigntficanee, those results may be recorded 
in the form of curves (figure 1) which present a, p, y, 3 as functions of 
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^(A-1) » 2x/a. Also equations (60) aod (02) can be written in the equivalent 
forms 


_ yainh2aa; + jBin2/ga ! 
oosh2au; + oos2y92 


(60) A 


and 


^ y8inh2aa:-(Jsm2/ffa; 

cot® = - -, 

oosh 2cea;—cos %px 


(62)A 


so can be solved with the aid of curves of — tanar and cotar, drawn once for 
all on a base of ar. Except when oar is small the expression on the right of 
either equation will be closely represented by 

ytanh 2aa: (= y, to six significant figures, when oar < 4), 

and when some definite value has been attached to a, either this or the 
complete expression can be plotted on a base of ar. Points of intersection 
wUl define roots of (60) A or (62) A. 


27. Figure 2 exhibits some solutions obtained in this manner. First, 
two series of (asymptotic) curves for —tan* and for cotar were drawn; 
then curves of y corresponding with a — 2, 3, 4 and 6. The intersections 
suggest restricted ranges of ar in which roots may be expected to lie, and 
for those ranges curves of — tan ar and of cot ar were constructed to a much 
more open scale, also curves representing the complete expression on the 
right-hand side of (60)A or (62)A.* In this way roots of those equations, 
regarded as equations in x, were found with an error not greater than 1 
in the sixth significant figure. 

From the two sets of roots as thus determined, critical values of A were 
deduced by means of the relation 

4a:* 

A= H- (66) 


which is equivalent to the first of (64). Table 1 records the first three of these 
values as deduced firom equation (60) A, table 2 the first three values as 
deduced from equation (62) A. The last throe columns of each table record 
corresponding values of the ‘characteristic number’ of § 19, viz. 


■ kv 


A»a«. 


( 66 ) 


Only five significant figures are given, since a fractional error of 10~* in z 
would entail a fractional error of 6 x 10-* in A*. 


* For ranges in which 2ax> 13 the complete exprendons on the right of (60) A 
and (62)A were found to agree with y to six signifloant figures. 
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Tablk 1. Symmktbical modes deduced fbom equation (60) 

A -fiyh*lkv=X*a* 

Igt mode 2nd mode 3rd mode let mode 2nd mode Srd mode 

lOx lOOx 

a = 2 5 14367 2H 3347 71 1343 2177-4 36396 67591 

3 2 76447 13 1046 32-1418 1711-3 18228 26896 

4 I 94349 7 77643 18 4963, 1879 3 12034 16197 

6 1-67447 6 31047 12 1794 2439-4 93601 11292 

Table 2. Skew-symmetrical modes deduced from equation (62) 

A -fiyh*lkv=X*a* 

Itit mode 2nd mode Srd mode Ist inodrt 2nd mode Srd mode 
10 X 100 X 

a = 2 14 3222 47 2691 90 9269 47006 168990 169660 

3 6 86976 21 6296 44 9440 26146 80833 73636 

4 4 26234 12 6214 26-6997 19684 6 60267 43463 

6 3-04991 8 36268 16 7927 17731 36420 29697 

Case (c). One free surface, one rigid boundary. 

28, The ‘ odd ’ solutions in case (6) are expressions having the form of (61) 
which satisfy all three of the conditions (24) A when 2^ = ± 1. In addition, 
when f = 0 they satisfy all three of the conditions (23), because then sinh /tf, 
together with its second, fourth and all even derivatives, vanishes without 
restriction on /i. Accordingly from these odd solutions we can also deduce 
solutions for case (c) of § 22, where one of the horizontal surfaces is ‘free’, 
the other constrained by a rigid boundary. But whereas in case (b) the two 
surfaces are defined by 2^ = ± 1, in case (c) the origin of ^ must be in one 
surface, so the range is halved- this means that any odd solution of case (6) 
which applies to a cell of depth h will apply in case (c) to a cell of depth 
h' = \h 

Because the cell-depth A is related with a by (16), the other (horizontal) 
cell dimensions will also be different in case (c). We shall return to this 
question when we have dealt with the problem of affixing values to a. What 
matters for the moment is that no special consideration (on the lines of 
§§ 24-27) need be given to case (d). 

Determination of the parameter a (1) for a rigid cylindrical boundary 

29. The values which in any particular instance can be assumed by 
a will depend upon the depth and cross-section of the fluid cell, also on the 
condition which must be satisfied by w at the cylindrical boundary. In 
experiment the cell wall will be rigid and of specified shape, and the boundary 
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condition will be w = O;theninthe‘membraneanalogy’(§ 13) the boundary 
liee in the cell wall and on it the tranarerse displacement must vanish. For 
any shape there will be an indefinite number of possible modes, each 
associated with some critical value of a: e.g. when the boundary is a circle 
of radius R the expression 

«j = cos (n^+a„) J^{kr) (57) 

(A^ and a„ being arbitrary constants) will satisfy (16) if 

k‘ = ayh*, (58) 

and it will vanish at the boundary (r = R) provided that 

J„(kR) - 0. (69) 

The roots of (69) are known, and for each, using (68), we can calculate the 
corresponding value of a expressed as a fraction of A/R. Table 3 records, 
for n = 0, 1, 2, 3, the four lowest cntical values of aR/A appropriate to 
a rigid circular cell wall. It is based on Table B of § 206 in Chap, ix of Lord 
Rayleigh’s TAe-ory of Sound. 

Table 3. (Jbitical values of oRjA fob cibculab cku< 

n= 0 1 2 3 

First 2 404 3 832 5 130 6 379 

Second 6 620 7 016 8 417 9 760 

Third 8-664 10 173 11-620 13 017 

Fourth 11-792 13 323 14-796 16 224 

The result obtained in this instance, that a is proportional to the depth A 
divided by a length (R) which defines the size of the cell in plan, holds 
also m respect of other shapes and of other boundary conditions. Thus if 
the cell wall is a rigid square of side L, then o will be proportional to AjL.* 

Determination of lAe parameter a (2) wAen the cylindrical boundary 
is a surface of symmetry 

30. The boundary condition ^ ® (18) 6 m 

must be satisfied at the cell wall when tins is a surface of symmetry. Only 
three possibilitiest demand attention, namely, 

* Solutions appropriate to several shapes of boundary will bo found ui Chap, ix 
(on the Vibrations of Membranes) of Lord Rayleigh’s Theory of Sound. 

t I.e. of complete symmetry, which requires that n, the number of the sides, shall 
be ezpreasibla in the form 2 + 4I(N - 2), N being mtegral. 
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(1) the boundary may be an equilateral triangle of aide L, 

(2) the boundary may be rectangular, of sides and L,, 

(3) the boiuidary may be a regular hexagon of aide L, 

and evidently the solutions in case (1) are included in those for case (3). 

Case (2) is simple: for (18) will be satisfied (if the origin is taken at the 
centre of the rectangle) by 

. mnx mry 

w = A__ cos cos-jr^ ( 60 ) 

being constant) when m and n are any ef«n integers; and this expression 
will also satisfy (16) provided that 



The regular hexagon (case 3) has more interest in relation to our thermal 
problem, because it appears from B4nard’8 experiments (of. §5) that 
hexagonal cells characterize the permanent regime in a layer of unlimited 
extent. The necessity of approximate treatment in the manner of Rayleigh 
(§6) has been removed by the recent discovery of an exact solution 
((^hristopherson 1940). The expression 

w = JtCo jcos ^ (V3a:+y) + cos ^ (^3* - y) + cos , (62) 

or «7 = Jwojoos (^3 cos ^+sin 0) 

2n7rr, 4n77r . _) 

+ C08 (v3co 80—sm0) + cos-g^Bm0j 

where rco8(? = x, rsin^ = y, 

is symmetrical with respect to the line <? = 0, and it is not altered by an 
increase of 0 to 0 +in, therefore it is also synuuetrioal with respect to the 
lines 0 = in, 0 - fw. Evidently w, is the value of w when a: = y = 0, i.e. at 
the centre of the hexagon. 

According to (62) 

dw _ 2njr ( . 2n7r, 2n7r, ,) 

4nn 2nn ^ -r • ■ 1 . 1 

= — 3^3^ 10,smnffcos-^y = 0 if nismtegral. 
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when X = ±~ L. So when w is given by (62) then dwldn = 0 (i.e. the 

boundary condition is aettisfied) on the regular hexagon whose sides are 
defined by 

and accordingly have length L. Moreover we have from (62) 



and this equation is equivalent to (16) when 


aL 4nn 

T"‘ T’ 


(65) 


n being int^[ral. Accordingly for hexagonal surfaces of symmetry (65) 
gives the critical values of a. 

Figure 3 shows the nature of this important solution, by curves repre¬ 
senting contours of the ratio to/wg. 
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The criterion of stability 

31. In § 19 our problem was reduced to that of finding the least value of 
-fiyh*lkv = A»o‘ (66) bis 

for which, under particular conditions imposed at the horizontal surfaces, 
non-zero solutions of (34) exist, i.e. steady solutions of the governing equation 
(13). The criterion of thermal stability will be that —fiyh^jkv must not 
exceed this value. 

When the cylindrical boundary is of specified shape and rigid (§29), 
a series of possible values can be attached to a, and hence a series of possible 
values of A®o* can be determined with the aid of (43) and (46) in case (a) 
or of tables 1 and 2 in case (6). The smallest value of A’a* so found is to be 
inserted in the criterion of stability. 

Suppose, on the other hand, that the fluid has specified depth h but 
indefinite horizontal extension. Then evidently it has freedom to form 
a symmetrical cell pattern in which the individual cells are either triangles, 
rectangles or hexagons, and the size of the cells in plan is not restricted: 
consequently all values of a* are admissible, and (according to our approxi¬ 
mate theory) the cell pattern which forms will be one which entails the 
smallest possible value of the ‘characteristic number’. 


32. In case (a), according to (43) and (45), the least value of A‘a* is 
obtained when n = 1 in (43) and when 

i.e, when a* = 7r*/2, so that A® = 27. 

Accordingly the criterion of stability in this case is* 

2771 
4' 


-fiyh*lkv = = 067-6. 


( 00 ) 


In case (6), inspection of tables 1 and 2 (§27) shows that the smallest 
value of A*a* corresixinds (in column 4 of table 1) with a value of a in the 
neighbourhood of 3. A more detailed exploration led to results which are 
exhibited in figure 4: the least value of A*o* is 1707-8, and it corresponds 
with a value of a in the neighbourhood of 3-13. Accordingly the criterion 
of stability in this cose is 

1707-8, (07) 

and if this limit is exceeded a cell pattern will form for which a<«3-13.t 
• JoSreys (1926, f 4) and Low (1929, p. 181) both give the numerioal value as 661. 
t Jeffireye (1928, { 4) gives the figure 1709-6, oorresponding with a = 3-17. Low 
(1929, p. 188) obtamed 1767, 1766, 1704-4 as suooessive approximations. 
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33. Case (c) has been notioed in § 28, where it was shown that any odd 
solution of case (6), applicable to a coll of depth h, also provides a solution 
of case (c), applicable to a cell of depth h' = \h. This means that the last 
three columns of table 2 record values of 

k kv 

—that is, 16 times the characteristio number appropriate to case (c); also 
that the values of aRIh which are given in table 3, and the value given in (66) 
for aLjh, must now be interpreted as values of aRfih' and of aLj2h’ respec¬ 
tively. (Similarly in (61) A* must be replaced by 4A'* ) 



Fioube 4 Fiquue 6 

Calculations extending the range of table 2 (§ 27) showed that the smallest 
value assumed by X^a* in relation to ‘odd’ modes corresponds with a value 
of a in the neighbourhood of 6, and a more detailed exploration gave results 
which are exhibited in figure 6 (corresponding with figure 4 for ‘oven’ 
modes). The least value of A’o* is 17610-6, and in relation to case (c), as we 
have just shown, this quantity stands for 16 times the characteristic 
number: consequently the criterion of stability in case (c) is* 


-fiyh* 17610-6 
ku * 16 


1100-65, 


( 68 ) 


and if this value is exceeded a cell-pattern will form for which a {interpreted 
as above) 5-36. 


StATIONABY PROPJCRTY of THU CHARACTBBISTIC NUMBBR 

34. We now describe a method, analogous to the use of ‘Rayleigh’s 
principle’ in vibration theory, which may be used as alternative to the 
exact treatment given above. It is based upon the int^ral equation (37) 
of §21. 

* Low (1929, p. 189) obtained 1180 as a first c^proximation. 
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Substituting in that equation the correct expression for w, we obtain 
the true value of A’ appropriate to the particular boundary conditions. 
When on the other hand w is replaced by w + Sw, then the consequent 
alteration in A* is given as concerns terms of the first order in Sw by 

- [<>(Num.) -A*o«A(Den.)], by (37) again, 

where 

(Num.) stands for J {[Z)(D*— o*)*M>]* + a*[{D* — 

(Den.) stands for J [(D*—a*)ti>]*d^, j. ^39^ 

so that 

^(Num.) = 2j^{[D(D*-o*)»ttO[D(D*-o*)*<JM>] 

+o>[(D* - o»)* w] [(D* - o»)* (Ju»]} dC. 

^(Den.) = 2|j(D*-a*)«>][(D»-o»)^w3d^. 

Integrating by parts, we may replace the last two of (69) by 
^(Num.) = 2j^<Jz|^^-2j‘(JZ.(D*-o*) 

^(Den.) = 2^(D*-a*)8w-w^^{D^-a')Sw'J + 2j^w9Zd^,^ (70) 

in which Z stands for {D*—a*)'*w, 

dZ stands for (D*-o*)*du), 


and then, if the limits of integration are the horizontal boundaries (at which 
either (23) or (24) A must be satisfied by w and therefore by dw), the first 
terms on the right of (70) vanish, leaving only the definite mtegrals. Conse¬ 
quently we may write the first of equations (69) as 


a*«(A*) - J*dZ{(D«-a«) Z + AW}d^, 


and it follows that ^(A*) will vanish for all variations SZ, provided that 
at every point in the fluid 

(D* —a?)Z + Xhiht) =■ (D*—a*)* to + A^*tc =» 0, (34) bis 

as will be the fact when w is an exact solution. 
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We conclade that not only will A* as calculated from (37) on the basis of 
an assumed form of w be exact, but it will moreover be stationary in respect 
of any small variations which are allowed by the boundary conditions, 
when the assumed form is correct. Consequently, 

(o) any reasonably close approximation to the correct form for w will, 
when inserted in (37), lead to a very close estimate of A®, 

{b) in regard to the smallest value of A® an estimate obtained in this way 
will err, if at all, on the side of excess-, that is to say, the limit of stability 
will be placed too high. 

These conclusions hold in respect of all of our oases (a), (6) and (c), and 
without restriction on a, i.e. for all shapes of cylindrical boundary. Either 
of the conditions (23) or (24)A requires Z (and therefore dZ) to vanish; 
but between the boundaries SZ is unrestricted, since the solution of 

(i>*-o»)*u>= E (70) Ws 

can be made to satisfy one or other of the conditions 

w = Dho = 0 (23) bts 

or to = Die = 0 (24)A bis 

at either boundary. 


AppliccAion of the sUUiomry property in case (6) 

36. To apply the conclusion we assume a form for Z involving one or 
more arbitrary parameters; we deduce the corresponding form of w according 
to (70) and (23) or (24) A; and we then adjust the parameters so as to make 
the quantity 

r{(Z)Z)* + o*Z»}(if 

^-- A*o* according to (37) (71) 

o«r {(/)*-a*) u)}*dC 

as small as possible. What results will be a close but slightly excessive 
estimate of the characteristic number. 

Suppose, for example, that the boundary conditions are those of case (&), 
that the origin is taken at the centre of the field, and that we are concerned 
with ‘even’ solutions (§ 24). Taking as the assumed form 


we obtain 



Z = A(H-AiOOBjrf+oos2wQ, 


Aicoswf coa2w^ 
(7r*+a*)*'*'(4ff®+a*)* 


Pa cosh + 4^®^ sinh o^J I 


(72) 
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as the solution of (70) which satisfies (24)A when 2^ « ± 1, P and Q being 
constants determined by the terminal conditions 


[ (73) 




and It is easy to show that for the limits 2f = ± 1 


J(CZ)>« = aU'(2 + ^^,4i). 

a*J{[D* - a*] ic}* dC = a*A - 84) sinh |+ 24 )*o»(a + sinh a) 

, A? 1 16Ai(3 ff« + o«)_ 

2(jr* + o*)a 2(4ff* + o»)» ZiTa*{n* + o») (47r* + o*) 


8wQo* 
(7r« + o^)* 


AI Cosh 


a 

2 


8e»«_ 

(4ff* + o*)* 


sinh-j. 


But from (73) we have (on elimination of P) 


i4)a*(a + 8inha) = + 


a iin*{27T* + a*) 


{n*+ o*)* ' 2 o»(47r* + a*)* 


and on making use of this relation we find that 


a»j[[D*-a^\w}'dC 

^.*[1 _. A?a* 16/t^(37 r« + a») 

[_a* 2(4w*+a*)*^ 2(7r*+a*)*^ 37r(n-* + a*) (47r*+o*) 


8a» 

(a + sinh a) 


( 


87r*(277*+o*) 

^(4;r^*T^)* 


sinh I*]. 


Now, for any assumed value of a. we can deduce from (71) an expression 
of the form 


A»a* 


f+gA^hAj 
l + mAi + nAl’ 


(74) 
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in which /, g, h, I, m, n, are known numerical coefficients, and then the 
condition that shall be stationary in respect of yields the quadratic 
equation 

gl-mf+2{hl -fn) Ai+(hm -gn)A\ = 0, 
from which Ai can be calculated and inserted in (74). 

36. In this way values were obtained as under for comparison with the 
‘exact’ values given in table 1 (§27): 

Tablk 4 

-/?yA«/jb = A»a« 

‘Exact’ values Values by 
(table 1) approximate 

method 

0 = 2 2177 4 2177-6 

3 17113 1711-4 

4 1870 3 1870 3, 

6 2439 4 2430 4 

The accuracy of the approximate method is remarkable. 

COMPLKTION or THK SOLUTION 

37. It remains to complete the solution of the simplified equations of 
small motion (§ 19) when w has been determined m the form f(x, y) . F{z), 0{t) 
in § 13 now having a constant value since all time variations are assumed 
to vanish (§18). f{x,y) is a solution of equation (16) which satisfies the 
boundary condition (18) or (19), 

On this understanding we have from (12) as simplified 

yVf^ = by (16), 

and it follows that 

yd = v^^VHo+x, where Vf;^ = 0. (i) 

Then according to (9) as simplified we have 

/iyw = ifcyV*/? ^ife^*V«w+jfc0, 

A* d*v 

=-/3y^Vlw + k by (13) as simplified, 

= ^yw+k by (16) again. 
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Consequently x linear in respect of and because at both horizontal 
surfaces, by (21) or (22) combined with (12), 

0 = 0 and V*u> = 0, therefore x ” 0 by (i)> 
it follows that x is everywhere, so that (i) may be replaced by 

= (ii) 

= -y^-^V\0 according to (12). 

This means that if equation (16) is satisfied by to, 6 will satisfy an equation 
of identical form, therefore for a particular value of a it will not (in general) 
be possible to satisfy simultaneously both of the boundary conditions (19). 
We can on the other hand satisfy both of (18), since according to (ii) and (16) 
we have 

(75) 

and when 6 is calculated from this expression, on the cylindrical boundary 
dOjdn will vanish with dwidn. 

We conclude from this investigation that the case of a rigid non-con¬ 
ducting boundary (§§ 1, 14) is not tractable op the basis of a separation of 
the variables (§13). When the cell wall is a surface of symmetry (§1), 
0 comes qmte simply from (75). 


38. Finally we have to calculate u and t> in the case which has been shown 
to be tractable. When w satisfies (16), we have according to (15) 


, h^dw 


(76) 


4>' denoting a plane-harmonic function of * and y. Now at the cylindrical 
boundary, if this is a surface of symmetry, u and v must satisfy the condition 

0 = w cos (a;, n) -I- 1 ) cos (y, n), 

= -^ according to the first and second of (14), 
where according to the third of (14), since the motion is steady, 

V*Vf f = 0. 

We shall satisfy both conditions \S ^ ^ constant and if 0^/3n vanishes 
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at every i>oint in the boundary; and when dtoldn = 0 at the boundary, 
according to (70) this last condition requires that 


Then we have from (14) and (76) 

_ ^ ^ A* 

” " o* dzdx’ ^ ^ a* dyfiz' 


(77) 
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Thermal ionization of strontium 

By B. N. Sbivastava, D.Sc. 

Physics Laboratory, Allahabad University 

{Communicated by M. N. Saha, F.B.S.—Received 4 March 1040) 

The theory of thermal ionization of gases was first given by M. N. Saha 
in a series of papers ( 1920 a, 19206 , 1921 ) and widely applied by him and 
others to furnish a satisfactory physical theory of stellar spectra. The theory 
was further develojjed by Fowler ( 1923 ) to include the different excited 
states of the atom and of the ionized atom, all of which are simultaneously 
in thermodynamical equilibrium. At the time when the theory was 
first formulated the ionization potentials and the spectral characteristics 
of only a few elements were known, but now we possess almost a complete 
knowledge of the ionization potentials and the spectra of almost all the 
elements in their different stages of ionization. Hence a detailed comparison 
of the theory with experimental results can now be satisfactorily undertaken. 

The experimental investigation, however, involves the difficult high 
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temperatute technique eince very high tempersturee are necessary to 
produce a measurable ionization even in the case of easily ionizable gases. 
Saha, Sur and Majumdar ( 1927 ) showed qualitatively from measurements 
of electrical conductivity that the alkali metals can be ionized by heating 
their vapours to about 2000 ° K. The quantitative verification of the theory 
was first achieved by I. I^angmuir and K. H. Kingdon ( 1925 ) for caesium 
vapour by an ingenious method in which caesium atoms striking the high 
temperature filament of a thermionic valve became ionized. This method 
was further utilized by T. J. Killian ( 1926 ) for rubidium and potassium, by 
E. Meyer ( 1930 ) for potassium and by N. Morgulis ( 1934 ) for sodium. The 
method is, however, complicated by the adsorption of the atoms or ions on 
the surface of the filament and the thickness of this coating varies with the 
temperature of the filament, the pressure of the vapour, etc. 

Quite a different method has been recently employed by the present 
author (Srivastava 1940 ) for investigating the thermal ionization of barium. 
This methwl has been found very satisfactory and is bemg applied in this 
laboratory to a large number of substances. In the present paper this 
method has been utihzed for studying the thermal ionization of strontium. 
The demountable vacuum graphite furnace used in these experiments has 
boon described in detail by M. N. Saba and A. N. Tandon ( 1936 ) and the 
internal arrangement employed hero has been fully described by the author 
in the paper on barium. Essentially it consists of a graphite tube heated to 
about 1000 ° 0 by a current of the order of a thousand amperes from a low- 
tension transformer. This tube has a fine circular hole on one side while on 
the other side an auxiliary furnace containing solid strontium is fitted gas- 
tight into it. This auxiliary furnace was thus heated by conduction and the 
strontium vapour formed there entered the main furnace where it ionizes 
into Sr+ ions and electrons. The products of ionization effuse out through 
the narrow orifice after which they traverse a magnetic field produced by 
two electromagnets placed on either side. The magnetic field served to show 
that the negative current almost wholly consists of electrons while the 
positive particles are much heavier as is expected. The effusion beam is 
limited by a diaphragm of radius r placed at a distance d fiom the effusion 
hole. Behind the diaphragm is a Faraday cylinder connected to a sensitive 
galvanometer and suitable positive or negative potentials are applied 
between the Faraday cylinder and the diaphragm in order to collect the 
particles of the desired chaige. 
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Under the conditions it can be shown that the galvanometer current ig is 
given by the relation 

. _ ep 8 f* 

“ :j{ 2 mnkT')r*+d^’ 


where 8 is the area of the effusion hole, p and T denote the pressure and 
temperature of the ions inside the furnace. The equilibrium constant K is 
therefore given by the relation 


_ ^nkT/r^+dytf tg 


»»*)• 


If all the pressures are expressed in atmospheres we liavo 

PBr “ e*S'*"rr« } (1-013xl6«)*- 


(1) 


All the quantities occurring in this equation can be experimentally mcasurc<l 
or are otherwise known, and hence K can be experimentally determined. 

Now, according to Fowler’s modification (1923) of the ionization formula, 
we have 

\n^»llP£ = -^^ + |ln2’+ln -\nb{T)+ ln b'(T), (2) 

Psr ” 


where denotes the energy required to ionize the unexcited atom (i.e. the 
ionization potential for the fundamental state), the weight factor of the 
electron and is equal to 2, and b{T) and b’(T) are given by the relations 

HT) = gi + g^e +... (3) 

and b’{T) = gi^i + gi^,e-<xi,i-x{^’‘^+...+g^^e-^i.l-x^.^tT+ (4) 

Here g^ ,^ denotes the weight factor and Xi,n energy of the ionized atom 
in the nth quantum state. 

Equation (2) can be written in the form 

log?^^«=__^ + Jlogr + log<?"^^ + log2 + logb'(3r)-logft(2’) 

= -4:^-ftlogT-6-479 + log2 + log6'(r)-log6(n (5) 

if the pressures are expressed in atmospheres, and the values of the other 
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quantities are substituted. U is the energy of ionization of a gram-atom of 
strontium vapour in calories and is equal to NeVJSOOJ, wliere ^ is the 
ionization potential of strontium, being equal to 6-667 V, and N is the 
Avogadro number. Thus U ■= 130-6 kcal. For calculating b{T) and b'{T) 
we have to utilize the energy states of Sr and Sr and their quantum weights. 
These are given by Bacher and Goudsmit ( 1932 , pp. 448-66). A detailed 
calculation from formulae (3) and (4) shows that at the temperatures of the 
experiment the contribution of the excited states is negligible as they are 
not sufficiently developed on account of the high energy necessary for their 
excitation, and b(T) = 1 - 000 , h'(T) = 2-000. Using these values in equation 
( 6 ) we get the theoretical value of Ic^ K. These are compared with the value 
of log A obtained experimentally from equation ( 1 ). 

It will be observed that the quantity py,, the pressure of strontium vapour 
in the mam furnace, occurs in equation ( 1 ). There is considerable difficulty 
in evaluating this quantity. First, due to thermal transpiration this will be 
different from the vapour pressure of the solid strontium in the auxiliary 
furnace. As discussed by the author elsewhere (Srivastava 1939 ) the rela¬ 
tion connecting these two cannot be exactly determined in this case. For 
our present purpose wo shall assume the full Knudsen effect, i.e. 

p// = V(T/T'), 

where T and T' denote the temperatures of the main furnace and the aux¬ 
iliary furnace. The error in log K due to this cause will, however, bo negligible 
in comparison to the error caused by the possible orrons in measuring T. 
The second difficulty arises from the fact that there is as yet no experimental 
determination of the vapour pressure of solid strontium. The only available 
data regarding the vapour pressure of strontium are those of Hartmann 
and Schneider ( 1929 ) in the hquid region. These have been utilized in the 
following manner for calculating the vapour ])res 8 ure of solid strontium. 
The observed pressures are plotted on a graph in which logp represents the 
ordinate and IjT the abscissa. The graph, as expected, is found to be a 
straight line (figure 1 ). This is extrapolated to the melting point of strontium 
for which the most probable value appears to be 1030° K as given by Weibke 
( 1930 ). This gives the value p = 1-23 mm. at T = 1030° K. The same must 
be the vapour pressure over solid strontium at 1030° K as the melting point 
will differ very little from the triple point. This result has been utilized below 
in two different ways for calculating the vapour pressure of solid strontium 
at the temperatures prevailing in the experiment. 

The first method consists in extendmg the above curve beyond the melting 
point by drawing a straight line whose slope is greater than the slope of the 
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previous one by an amount equal to the latent heat of fusion of strontium 
(figure 1). Unfortunately the data regarding the various properties of 
strontium are very meagre. The latent heat of fusion of this substance does 
not appear to have been determined. In the circumstances the only available 



course is to make use of Trouton’s rule. For calcium the Trouton quotient 
MLjT^ is 2’9. Accepting this value for strontium also, the latent heat of 
2*9 X 1030 

strontium may be estimated to be —^^. 03 * = 34'1 cal./g. or 3'0 kcal. per 

gram-moleoule. The values of logp so obtained are given in column (3) 
of table 1 . 
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The second method consists in applying the vapour pressure formula 

(6) 

The only available data regarding the specific heat of solid strontium are 
thoseof Dewar ( 1913 ) which extend from —263 to -lOfi^C. It is therefore 
impossible to evaluate accurately the specific heat integral in ( 6 ). The 
thermal expansion of strontium is also not known. The only available course 
is to assume that strontium obeys the Debye’s formula for specific heat and 
on that assumption calculate the Debye temperature G which will make 
the observed specific heat agree with Debye’s formula. In this way the 
value d = 102 is obtained. This value has been utilized to evaluate the 
specific heat integral in ( 6 ) up to any temperature. Since, however, is 
also not known, the extrapolated value of logp for the melting point as 
obtained above was utilized to give Ag in equation ( 6 ). The value of Ag thus 
obtained is 38,600 cal., a value which is quite probable in view of the fact 
that the latent heat of vafiorization of liquid strontium at the melting 
point is 36'2 kcal. (Kelley 1935 ). This value of Ag = 38,600 cal. has been 
utilized in calculating the va]x>ur pressure of solid strontium by means of 
equation ( 6 ). log p, obtained in this way, is recorded in column (4) The mean 
of the corresiionding readings in columns (3) and (4) is taken as the actual 
vapour pressure and is put in column ( 6 ). The small difference between the 
two sets of readings shows that the probability of error in the pressure thus 
calculated is small. 


Experimental procedure 

First the graphite tube was thoroughly degassed by prolonged inter¬ 
mittent heating for several hours after which the currents from the empty 
tube diminish to a negligible value. It was thus arranged that the currents 
during the experiment were much greater than those in the blank experi¬ 
ment. After the steady state had been attained in an experiment the 
currents were measured at 2 V with different currents through the electro¬ 
magnet and for purposes of calculation the negative and positive currents 
without magnetic field were employed. 

The temperature of the graphite furnace was measured by means of a 
Siemens’ optical pyrometer and was correct to ± 10 °. As the temperature 
of the furnace was not quite uniform the mean temperature of the tube 
was determined and employed for the purpose of calculation. In view of 
those uncertainties the slight difference of temperature between the inside 
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and outside of the graphite tube as weU as the slight difference between the 
true tem{)erature and the blaok-body temperature of the graphite tube 
have been neglected. 

The experiments were done with strontium supplied by Merck and the 
tube was freshly opened. The results obtained are recorded in table 1. 


Discussion of rksults 

It will be observed that the positive currents are much smaller than the 
negative currents. This is to be expected since the Sr+ ion being 1-61 x 10 * 
times heavier than the electron, its rate of effusion will be about 400 times 
slower. The ixjsitive and negative currents will, however, not exactly follow 
this relation since their concentrations inside the furnace are not equal, for 
electrons are also produced by the graphite tube. 

In view of the uncertainty in the determination of T by about 2 % as 
stated before, it is not proper to compare the value of K obtained experi¬ 
mentally, since a slight error in T produces a large error in /C as log varies 
as 1 /T. It is, however, reasonable to compare the values of log K, as errors 
in this quantity will occur to the same percentage as the experimental errors 
in T. A comparison of the values of log A (column 9, table 1 ) obtained 
experimentally at different temperatures shows that log A increases with 
rise of temperature as demanded by the ionization theory. For the purpose 
of detailed comparison with the theory we have calculated log K theoretic¬ 
ally from equation ( 0 ) for different temjieraturos and recorded the values 
in column (10) A comparison of columns (0) and (10) shows that the experi¬ 
mental and theoretical values of log K agree well within the limits of experi¬ 
mental error Another way of comparing these experimental results with 
the ionization theory is to calculate the values of U from the experimentally 
determined values of log K with the help of equation (5), and see how far 
they tally with the known 8 [)octro 8 copic value of 130-6 kcal. The experi¬ 
mentally determined values of U are recorded in column ( 11 ) and the 
difference between this value and the speotroscopio value (f^^p — l^peot.) is 
given in column ( 12 ). These differences are seen to be well within the limits 
of experimental error. Thus these experiments fully verify the ionization 
theory with reference to strontium. 

In conclusion I wish to express my sincere thanks to Professor M. N. Saha, 
F.R.S., for his kind interest in the work. My thanks are also due to the 
Royal Society of London for a grant which covered the cost of the furnace 
and its accessories. 
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Summary 

In this paper the thermal ionization of strontium vapour has been experi¬ 
mentally investigated by an apparatus already described by the author 
elsewhere in his work on barium. Experiments have been carried out at 
various temperatures and pressures of strontium vapour and the equi¬ 
librium concentrations of Sr+ and electrons inside the furnace have been 
obtained by allowing them to effuse out through a narrow opening. From 
these the equilibrium constant and the energy of ionization have been 
calculated. The results obtained agree, within the limits of experimental 
error, with the theory of thermal ionization and the known s])cctroscopio 
value of the ionization potential of strontium. 
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The kinetics of mutarotation in solution 

By J. C. Keitdrew asd E. A. Moelwyn-Huohes 
The University Chemical Laboratory, Cambridge 

(Communicated by R.O.W. Norrish, F.R.S.—Received 14 May 1940) 

The kinetics of the mutarotation of representative reducing sugars from 
the pentose, hexose and disacohande series have been mvestigated polan- 
metnoally over wide temperature ranges in aqueous solution. 

The doiiendonTO of the velocity coefficient, k, upon temperature is fairly 
well ropr^ucod by an equation of the form Ink = C+ (JIR)\nT— EjRT. 

The true energy of activation, K, is foimd to be some 6000 calones greater 
than the apparent value aifordcHl by the Arrhenius equation at room 
temperature. JfR has a value of — 10, which is identified as the number of 
oscillators contributing to the activation 

The constants C, J and E of this equation are discussed, with reference 
to many reactions, in terms of a theory of unimolixsulnr reactions m 
solution. 

The mutarotation of reducing augara, which may be repreaented by tlie 
equation 

= <*' 

haa long been recognized aa one of the aimpleat of chemical changes. In 
this paper we present evidence that the number of atoms taking part in the 
activation necessary for conversion is probably not more than seven, and 
not less than four. The distribution of the critical energy is thus highly 
localized, and cannot spread from the potentially aldebydic group farther 
than to one neighbouring water molecule or to the contiguous carbon atom 
in the pyranose or furanose ring, RC. This conclusion is borne out by the 
new data which we have obtained from the polarimetric examination of 
some representative sugars taken from the pentose, hexose and disaccharide 
series. 

The dejiendence upon temperature, T, of the velocity coefficient, k, 
governing the mutarotations is approximately reproduced by the equation 

lni = (7 + ^lnr-A, ( 2 ) 

in which the constants, C, J and B, are specific for each sugar. Mutarotations 
thus come into line with hydrogen-ion catalysis (Moelwyn-Hughes 1934 ), 
ionization (Moelwyn-Hughes 1938 a), hydrolysis (Moelwyn-Hughes 19386 ) 
and decarboxylation (Johnson and Moelwyn-Hughes 1940 ) as instances of 
[ 352 ] 
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the inapplicability of the Arrhenius equation. These changes are so diverse 
that we may now venture on the generalization that the apparent energy 
of activation of all unimoleoular reactions in aqueous solution decreases 
with a rise in temperature. The explanation of this experimental rule must 
be that the critical energy is used in part to increase the internal energy of 
the reacting solute molecule, and m part to release the solute molecule from 
its imprisonment by solvent neighbours. 


Experimental method 

The mutarotations were investigated polarimetrically, by measuring, 
from time to time, the specific rotation of an aqueous solution which had 
been prepared by weight and pre-heated. The verniers of the polarimeter 
employed—a senaitive instrument constructed to the specifications of the 
late Professor Loivry—could be road to 0‘002'’. Our readings were generally 
reproducible only to 0-01 °, and refer to light from the sodium vapour lamp. 
The half-shadow angle was maintained constant at 6-6“. Prelimmary experi¬ 
ments performed on a number of sugars, using an ordinary water-jacketed 
4 dm. tube, enabled us immediately to reproduce the most reliable values 
in the literature for the rate of mutarotation. In our attempt to increase 
the accuracy of the already accurate information available, we succeeded 
in tracing the greatest uncertainty to fluctuations of temperature in the 
jacketed tubes. 

Water was pumfied through an ordinary metal jacket from a thermostat 
which was capable of maintaining a temperature steady to 0-02°, and the 
temperature of the circulating water was measured by passing it through 
lagged bottles on entering and leaving the tube. These bottles were fitted 
with calibrated thermometers which could be read to 0-01°. When the tem¬ 
perature of the water differed by more than a few degrees from that of the 
room, a temperature gradient was detected along the tube, and could not 
be eliminated by lagging. The gradient amounted to as much as 0-04° per dm. 
at 313° K. 

To overcome this difficulty, a special typo of polarimeter tube was con¬ 
structed, according to the plan shown in figure 1. The circulating water 
flows first along the inner jacket, and back along the outer one. The inner 
jacket is then losing heat, not to the surroundings, but to the outer jacket, 
the temperature of which is only slightly lower than that of the inner one. 
Experiments with thermometers arranged inside the glass tube showed that 
this device of compensating temperature gradients ensured uniformity of 
heating under all the conditions of the present investigation. The most 
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satiafactyory method of measuring the temperature of the solution contained 
in the glass tube is to include a flooded, rubber-bunged thermometer bottle 
in the system, as near as possible to the inflow to the metal tube. There is 
no detectable difference between the temperature registered on a thermo¬ 
meter so fixed and the temperature of the solution inside the glass tube. 

The plain glass polarimeter tubes used to contain the solution were fixed 
into the jacket by rubber washers, as indicated in the diagram, and were 
removed completely from the metal container after each run. 

A stream of air playing on the windows prevented dew from obscuring 
vision at low tem|>eraturos. 

Fkiukb 1 CilasA jwlonmoter tube enclowxl m conceutnc metal jackets 
to ensure constancy of t«in|>oraturtt along its length. 

In carrying out an experiment, about 3 g. of dried sugar wore weighed 
in a calibrated 50 ml flask, which, alofig with a second flask containing 
jiure water, was placed in the thermostat. Water was meanwhile circulating 
round the empty polanmeter tube. The solution was made at a known 
instant. While keeping the metal jackets full of thermostat water, the glass 
tube was removed, filled with the solution, and the apparatus was re¬ 
assembled. The time taken by these ojierations was such that the first 
optical reading could be taken some 4 min. after the reaction had started. 
In general, however, wo place little reliance on readings taken during the 
first 10 min. Each accepted rotation is the mean of three readings straddled 
evenly about the corresponding time. 

Purity of materiala 

The solvent employed throughout was water prepared for electrical 
conductivity purposes by distillation in an all-quartz still. With the excep¬ 
tion of glucose, the sugars were supplied as bacteriologically pure, and we 
were unable to inoretue their purity by crystallization. In the case of the 
monohydrate of a-lactoso, for example, the material supplied gave an 
initial 8(>ooific rotation of -I- 83-37°, a final specific rotation of + 62-44°, and 
an observed velocity coefficient of mutarotation of 1-843 x 10-^ sec.-^ at 
293-19° K. After recrystallization, the figures were 83-36, -f 52-31, and 
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1*811 X 10 “* at 293*18° K. The two sets of values agree well with each other 
and with the accepted constants (Hudson 1903 ). The specimen of a-glucose 
supplied as an analytical reagent compared very favourably with the pure 
sugar which we prepared according to instructions kindly given us by 
Professor W. X. Haworth, P.R.S. The specific rotatory power of initial and 
equilibrated solutions are given in table 1 , the bracketed figures in which 
are due mainly to Hudson and Yanovsky ( 1917 ) and in part to Moelwyn- 
Hughes ( 1928 ). 


Tablk 1 . iSpecific rotations of initial and equitjbrated 
SOLUTIONS of sugars 


Sugar 




a-Arabino80 + 182 6 (+ 176) 

a-XyloBc + 92*8 ( + 92 0) 

/^•Mannose - 16 44 (- 17) 

a-Glucose +110 0 ( + 113*4) 

a-T^tuae monohydrato + 83 4 (+ 86 * 6 ) 


+ 103 86 ( + 106 0) 
+ 18 92 ( + 19 0) 
+ 14 43 ( + 14 6 ) 
+ 52 66 ( + 52 56) 
+ 52-44 ( + 52 64) 


FormuUtlion of the kineiica and statics of mutarotation 
Four out of the live sugars examined were converted from the a- to the 
yS-form according to the scheme of opposing unimolecular reactions (Lowry 
1899 ), which, in the special case of a system containing initially only one 
modification, may be represented as follows; 

K 

A ^ B. 
h 

a—x X 


If the initial concentration, a, has been reduced to a - x in 1 sec., the rate of 
conversion obeys the difierential law 


^ = k^{a-x)-kflX, 

(3) 

which gives on integration 


X = o^“(l—C-"), 

(4) 

where k = k„ + kp. 

(«) 

1c sc 

The equilibrium relations k ~ a le ~ 

( 6 ) 


follow from the equivalent suppositions of zero rate (equation (3)) or infinite 
time (equation (4)). 

In the study of reversible reactions, it is expedient to determine the ratio 
of the velocity coefficients before evaluating either. 
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Static measurements 


In the third column of table 2 are to be found the initial specific rotations 
of the pure sugars, and in the fourth column the specific rotations of the 
equilibrium mixtures. Each pair of figures refers to solutions of approxi¬ 
mately 0-26 M concentration, and to the temperature recorded in column 2. 
The infinity rotations were obtained by retaining the solution at the 
exiierimental temperature until further rotational change could not be 
detected, they are regarded as accurate to within ±0-02®. The values for 
mannose, which was the first sugar to be examined by us, and the bracketed 
values for other sugars, refer to systems which wore allowed to react to 
completion at room temperature. Independent experiments with mannose 
showed [a„„] to fall from 14-14 to 13*92® as T is raised from 290-22 to 
313-26° K. The initial rotations were obtained by logarithmic extrajiolation 
to zero time, and are bmited in accuracy by the rate of dissolution of the 
sugar and by the temperature irregnlaritios attending the charging of the 
tubes. The error due to the former effect is specific, being larger, for example, 
in the case of lactose than in the case of glucose. The greater error is due to 
the latter effect, and increases with the difference between the experimental 
and room temperatures When this difference is jiositive, [Oo] is too high, 
and when the difference is negative, [aj is too low. On plotting the experi¬ 
mental values of the initial siiecific rotations as a function of T, we should 
therefore obtain a point of inflexion at room temperature. This behaviour, 
as the figures in table 2 reveal, is observed for all the sugars. As may further 
be seen from these data, a cusp in the curve appears at low temperatures, 
and a rapid increase of as T is raised. Without adopting a much more 
elaborate experimental techmque, it is impossible to disentangle the errors 
of determination from the genuine dependence of the initial rotatory power 
upon temperature. Such a dependence we consider to be a real one in all 
the cases examined, though its magnitude is less than in the pronounoerl 
case of fructose. 

In order to estimate the ratio of the velocity coefficients of the two 
transformations, we provisionally regard the initial specific rotations, [ogj 
and [a§], of the a- and /?-modificationa to be independent of temperature. 
In terms of these constants, and of the specific rotation [a^,] of the equili¬ 
brated solution, equation (6) becomes 


[«$]-[«.]' 


(7) 


For a-xylose, /^-mannose, <z-gluooso and a-lactose, we employ the values 
obtained by us at 298-1 ° (table 1). The accepted figures for /9-xylose (— 20®), 
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a-mannose ( + 34°), /9-gluoose (+19-7°) and yff-lactose (+ 33-26°) are due to 
Hudson and Yanovsky ( 1917 ). Table 4 contains the experimental values 

of the equilibrium constants, 

as well as 

those reproduced by the equation 

K=^e- 

■AfPIRT _ g. 

AS‘IRg-AlI»/RT 

(8) 

Tablb 2. 

Static rotational data 


Sugar T-’K 


foulmax 



a-Xyloae 273-46 

+ 91 62 

+ (18 81) 

— 

2-019 

278 03 

91-07 

(18 82) 

— 

1-986 

283 03 

89 10 

(18 86) 

— 

1 961 

287-06 

91 68 

18 46 

1 921 

1-920 

293 06 

92-81 

18 92 

1-886 

1-887 

208 00 

94 39 

19 26 

1-860 

1-868 

303 17 

101 6 

19-72 

1 827 

1-821 

308-17 

110 3 

20 05 

1 804 

1-803 

/7-MannoHe 273-41 

-16 41 

+13-96 



278 06 

16-34 

13 75 



283 09 

to 11 

13 94 

— 


288 09 

16-78 

14 02 



203 13 

16 44 

14 03 

0 666] 

1 

298-12 

16 68 

14 00 

O667I 

0 660 

303 06 

17 60 

13-86 

0 6661 

308-12 

19 06 

13 96 

O660J 

1 

a-Gluoofw 273 32 

+ 109 8 

+ 62 62 

0 57r 


278 26 

109-2 

52 62 

0-571 


283 12 

107-4 

62 70 

0 674 


288 15 

108-6 

52-61 

0 672 


203-00 

108 8 

62 63 

0 671 

• 0-676 

208 06 

110 3 

62 69 

0 674 

303-07 

1124 

62-94 

0-677 


308 16 

115 2 

52-99 

0 679 


313 14 

121 3 

62 90 

0 677 


318 19 

127-1 

62 96 

0 679 


ot-Loctosc 288-04 

+ 86 09 

+ (63-08) 

— 

1-683 

203 19 

83-37 

62-44 

1 619 

1 618 

298-11 

84-84 

62 23 

1-647 

1-660 

303-28 

84 69 

62-16 

1 667 

1 686 

308-18 

84 98 

51 64 

1-732 

1 717 

313-21 

86 28 

61 63 

1-734 

1 760 

318-12 

86 96 

61 34 

1-777 

1 781 

322 23 

88-63 

61 14 

1 809 

1 807 

The standard increases in thermodynamic potential {0), entropy {S) and 

heat content {H) associated with the 

conversion 

of a gram-molecule of 

a-sugar into yff-sugar are summarized in table 3. A comparison of for 

the mutarotation of a-lactose monohydrate with the molar entropy of 

fusion of water (6-3 cal./deg.) lends support to 

Hudson’s view of the 

mechanism (Hudson 1903 ), but we incline to the opinion that the dehydra- 
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tion merely plays a part in, but does not oonstitute, the isomerization. There 
is no necessity to introduce the conception of dehydration into the other 
cases under discussion. The molar entropy of the y^-forms of xylose, mannose 
and glucose is roughly 0-43i2 less than the molar entropy of the a-forms, 
and suggests a very simple configurational rearrangement which must 
resemble a local freezing. 


Tablb 3. Thbkmouyitamio magnitudes fob mutabotation 

EQUTUBBIA IN AQUEOUS SOLUTION 


Sugar 

Xylose 

Mannose 

Glucose 

Lactose 


cal/g.mol. 
1-80 -370 

0 66 +260 

0 676 + 330 

1 66 - 300 


oal./g.mol. cal /g.mol. deg. 
-660 - 0-61 

0 -0-84 

0 -MO 

+ 710 +3-4 


Kinette mataurementa 

With the exception of arabmose, the sugars investigated have been found 
to obey the law of reversible unimolecular changes. In terms of the experi¬ 
mental rotation, a, equation (4) becomes 

(Oo-««)«■" (9) 

in which k, the observed unimolecular constant, is the sum of the constants 
for the direct and inverse reactions (equation (6)). Representative examples 
of the applicability of this equation to the mutarotation of xylose, mannose. 


Table 4. a-XYLOSB 

a = 0-4066 g.mol./l. T = 303 07'’ K. * = 2 087 x lO"* sec.-i 


*« —*oo 


t (nun.) Obs. Calc. 

6 10 61 10 64 

8 7 SO 7 40 

11 4 93 6 02 

14 3 43 3-44 

17 2-36 2-37 

20 1-64 1-63 

23 1-11 1-12 

26 0-77 0-77 

2B 0-63 0-63 
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glncose, and laotoee are shown 

in tables 4-7. The precision and degree of 

reproducibility of the velocity coefficients increase with the total observable 
change in rotation. Examples are furnished in table 8. 

Table 6. /?-Mannosb 

6 = 0 2939 g.mol./l. T 

= 293-12’ 

K. k = 

7 06xl0-‘ sec. * 





t (nun.) 

Obs. 


"cic. 

16 

3-34 


3-34 

20 

2-70 


2 70 

25 

2 20 


2 19 

30 

1 77 


1 77 

35 

1-43 


1 43 

40 

116 


1 16 

45 

0 94 


0-94 

Table 6 . a-GLiroosE 

a = 0 3ie3g.mol/l. T 

= 278 26“ 

K. k = 

6-13X 10-» see.-' 



at-e^ 


t (mm.) 

Oba. 


Calc. 

20 

12 23 


12-26 

30 

11 86 


11 88 

40 

11 60 


11 62 

50 

11 17 


11-17 

60 

10-84 


10-83 

76 

10-36 


10-36 

90 

9-HH 


9-88 

105 

9-43 


9 43 

125 

8-87 


8-87 

164 

8 10 


8-10 

161 

790 


7 94 

180 

7-49 


7-49 

190 

7 27 


7 26 

210 

6-82 


6 83 

220 

6 61 


6 62 

240 

6-22 


6 23 

260 

6-83 


6-86 

280 

6-49 


6-60 

300 

5 16 


6-17 

330 

4-72 


4-72 

360 

4-28 


4-30 

390 

3-90 


3-92 

420 

3-56 


3 68 

460 

3-23 


3 26 

480 

2-94 


2-97 

Vol. 176. A. 
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Tablb 7. a-LAOTOSB 

o = 01628 g.mol./l. T = 322-23“ K. * = 2-49 x 10"* 800.-‘ 


t (tnin.) Oba. Calo. 

8 4-12 4-18 

7 3 08 3 08 

9 2-28 2-29 

11 1 70 1-69 

18 1-26 1-26 

18 0-98 0-93 

17 0 69 0 69 

19 0-81 0 81 


Table 8, Repboducibility op kinetic results 


Sugar 

Mannoso 


Qluoosn 


Laotoae 


Temp Molar Average 

“ K concentration Jfc x 10* boc.“‘ value 


293 13 

293 13 

303-28 


0 2438 
0 2939 
0-3638 
0 2890 
0 2868 
0 2802 
0 2914 
0-2836 
0-2904 
0-3272 


7 218 
7 060 
7 219 
2-479 
2-470 
2-471 
2 471 
4-899 
4-873 
4 877 


7 166 


2-473 

4-883 


The influence of temperature 

Before recording our results on the temperature dependence of the 
velocity coefficient, we shall resolve the composite constants into those 
governing the individual unimolecular processes. According to equations (6) 


and (6), we have 

k -k ^ 

(10) 

It follows from the definitions 

(11) 



(12) 

that 


(13) 

and that 


(14) 
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All the reaalts for the velocity ooefficientg and the apparent energies of 
activation aummarized below refer to the rate of conversion of the a-modi- 
fioation into the ^-modification. In the case of each sugar, the apparent 
energies of activation afforded by equation (12) are found to decrease as the 
temxwratuie is raised. The velocities and energies measured at 298* TK 
are summarized in table 0, in the last column of which we give the rate of 
decrease of the activation energy and the probable error. The latter figures 

Table 9 . Kinetic data foe the convkbsion 
OF a-SUOAB8 AT 298-1“ K 

Jb, X 10-* 

Sugar aec.-‘ cal./g mul 

Xyloaa 8 578 16,245 

Mannose 4-672 16..375 

Glucose 1-403 16,945 

Lactose 1 869 17,225 

have been obtained by considering sots of data in limited temperature 
regions wherein the energy of activation can be measured to within about 
20 cal. Thus, for example, in a set of experiments made with mannose, we 
found to be 16,986 ±13 cal at 278-26“ K, and 16,662 ± 23 cal. at 
299-36“ K. Considered alone, these figures would give us J = -20-l± 
1-7 cal./g.mol. deg. On account of the uncertainty which attaches to the 
exact values of J for the different sugars, we have taken a mean value of 
20-6 cal./g.mol. deg. to hold for them all. The expressions for the variation 
of the velocity coefficient with temperature then become: 

For xylose- In,, k„ = 89-6367 - (20-6/i?) In, T- 22,3551 RT, 

For mannose: ln,ifc„ = 89-0648 —(20-6/.R)In, T —22,486/iJT, 

For glucose: In, i, = 88-8789 - (20-6/i?) In, T - 23,0551RT, 

For lactose. ln,/fc. = 89-6936-(20-6/5) In, T-23,335/iJT. 

The velocity coefficients reproduced by these formulae are compared in 
tables 10-13 with the experimental values. We have taken R as 1-9869 
cal./g.mol. deg., and T“K = 273-1 +4“ C. 

*A comparison of the experimental values with those reproduced by 
equation (2) and by the Arrhenius equation (J = 0) is made in table 14. 
The calculated values of the velocity coefficients are denoted, respectively, 
by I and m. Assuming that J is zero, we find, by the method of least squares, 
that the best average value of the energy of activation for the whole tem¬ 
perature region examined is 16,960 cal. If now we define as (/ — jt,)/100, 
* Paragraph added 16 July 1940. 



-20-4±8 4 
-20-6 ±2-8 
-19e±6 0 
-21 9±6-6 
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then £el becomes 18 in round figures. When = 16,900, 2i<s] » 19, and 

when Sj^ =- 17,000, TeJ - 

28. By the same method, a comparison of the 

experimental results with equation (2) fixes - 

-J within the limits 20 ±3. The 

best fit is found when J is 

-18, but, for the reasons given earlier, a rounded 

Table 10. The mutarotation of a-XYLoas in water 


ka 

X 10* 

iTK 

Obaervod 

By formula 

273-48 

604 

6 04 

278 03 

11 6 

11-8 

283 03 

10 7 

10 6 

287-06 

32 9 

32-3 

293-06 

82-4 

62-3 

208-00 

84-3 

86-8 

303-17 

134 0 

136-2 

308-17 

207 7 

208 4 

Table 11. The mutarotation of a-HANNOSB in water 


k» 

xlO* 

T°K 

Oboerved 

By formula 

273-41 

3 610 

3 620 

278 08 

6-118 

6 064 

283 00 

10-68 

10-43 

288-00 

17 83 

17-38 

203 13 

28 49 

28 87 

208-12 

48 82 

48-81 

303-06 

71 76 

71-76 

308 12 

111-6 

111-7 

Table 12 The mutarotation of a-OLUoosE in water 


k. 

ix 10* 

T°K 

Observed 

By formula 

273-32 

1 062 

1-061 

278-26 

1-864 

1-867 

283 12 

3-196 

3 177 

288-18 

8-461 

8 417 

293-13 

9-028 

8-098 

298-06 

14 36 

14-67 

303-07 

23-38 

23 36 

308-16 

86-81 

37-02 

313 14 

80 82 

67-11 

318-19 

87-38 

87-20 

323 13 

129-6 

120-0 
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TaBLB 13. ThB MTJTAEOTATION of a-LACT08E IN WATER 


i,x 10* 

3«K Observed 

28804 6-77 

293 19 11-48 

298-11 18-70 

303-28 30-65 

308-18 48-10 

313-21 74-06 

318 12 113-8 

322-23 160-3 


value for all the sugars has been accepted in the summarizing tables. The 
quantities I and m of table 14 are given by the relations 



logio^ = 

8-6983- 

16,960/4-671T 




and 

II 

i 

34-981 - 

(18//i)logio?’-22,317-6/4-67lT. 


Table 14. 

A COMFABISON OF THE EXPERIMENTAL RESULTS FOB 

1 

o 


WITH EQUATION (2), TAKING J AS 0 AND AS 

-18 


T’K 

fc,Xl0» 

lx 10* 


e? 

mxlO* 

e» 

A 

273-32 

1062 

1-074 

+ 2 

+ 4 

1-062 

0 

0 

278-26 

1-874 

1-871 

0 

0 

1-866 

-1 

1 

283-12 

3-196 

3 168 

-1 

1 

3 173 

-2/3 

1/2 

288-16 

6 461 

6-363 

-7/4 

3 

6 408 

-4/6 

2/3 

293-09 

9 020 

8-837 

-2 

4 

8 948 

-4/6 

2/3 

298-06 

14-36 

14-36 

0 

0 

14-66 

+ 4/3 

7/4 

303 07 

23 36 

23 07 

-5/4 

3/2 

23-36 

0 

0 

308-16 

36-64 

36-73 

-1/4 

0 

37-06 

+ 1 

1 

313-14 

66-82 

67-07 

+ 1/2 

1/4 

67-24 

+ 3/4 

1/2 

318-19 

87-38 

87 98 

+ 1/2 

1/4 

87 54 

+ 1/6 

0 

323-13 

129-6 

132 6 

+ 2 

4 

130 9 

+ 1 

1 


Z!s?=18 2^1 = 7 


By formula 
6-73 
11-48 
18-72 
30-68 
48-14 
76 11 
114-4 
160 1 


The percentage error, e,, according to the second of these equations is 
(m —1;)/100. It is seen from the table that the equation of Arrhenius repro¬ 
duces the experimental facts to a very satisfactory first approximation. 
The agreement is best in the medium temperature interval, to which the 
apparent energy truly belongs. The best fit of the Arrhenius equation, 
however, always fails, in reactions of this kind, to account with sufficient 
accuracy for the velocity at the extreme temperatures. It is also appreciated 
from table 14 that equation (2) is in better conformity with our results; 
is not only smaller than but is more evenly spread. The refined 



364 


J. C. Kendrew and E. A. Moelwyn-Hughes 

analysis of the temperature dependence of the velocity coefficient of reac¬ 
tions in solution is more fully dealt with in a concurrent publication on 
the decomposition of phenyldiazonium chloride (Johnson and Moelwyn- 
Hughes 1940 ). 

Comparison with earlier work 

The velocity of mutarotation of glucose in water at 293-10® K is a well- 
known kinetic standard, assessed by the classical work of Riiber ( 1933 ) and 
of Richards, Lowry and Faulkner ( 1927 ) as (2-47 + 0-03) x 10“* sec.-^. The 
value obtained in this work is 2‘476 x 10~*. 

The apparent energy of activation (E^) which may be obtained by 
analysing the data of Hudson and Sawyer on the mutarotation of mannose 
at 203-36° is 16,460 + 320 cal. The corresponding value yielded by equa¬ 
tion (13) at this temperature is 16,470 The directly observed values at 
296-63°, 300-69'‘ and 306-69° are 16,480, 16,660 and 16,640 respectively, 
giving a mean of 16,526 ± 45 cal 

In the case of lactose, we cannot assess E^ closer than 110 cal. at 294-17°. 
Our value of 17,033 agrees with, and is seen to bo more accurate than, that 
derived from the results of Hudson ( 1903 ), which is 16,880 ± 670 at the same 
temperature. 

In the case of glucose, the familiar work of Hudson and Dale ( 1917 ) 
has long been regarded as a good instance of the applicability of the 
Arrhenius equation. With one exception, however, their Ej values fall 
regularly as T is raised. This fact was first noted by G. F. Smith and M. C. 
Smith ( 1937 ), whose own experiments confirm their deduction and yield 
an approximate value of J = — 29. 


The mutarotation of arabinose 


The changes in optical rotation observed during the mutarotation of 
pure a-arabinose in aqueous solution do nut obey the law of reversible 
unimolecular reactions. The velocity coefficient calculated by means of the 
equation 


k 


t,-ti 


a,—a„’ 


(16) 


consequently varies with the extent of chemical change, as instanced in 
table 16. Approximate values for the composite velocity constants at zero 
and infinity times are summarized in table 16, along with the corresponding 
values of k,. These results indicate the existence of more than two modifica¬ 
tions of arabinose in solution; and until these have been characterized by 
rotatory constants, the kinetic interpretation is impossible. 
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TaBLB 16. a-ABABIKOSB 
a = 0-3434 g mol./l. T = 273-68'’ K 
+ (j) mm. ftxlO^aec.-i 
16 1-681 

26 1-681 

36 1-661 

46 1646 

66 1-486 

66 1 436 

76 1-412 

86 1-406 

no 1-401 

130 1-329 

160 1 349 

Table 16. The mutabotation of a-ARABiso8B m water 

T K ifc,xl0« ifc^xio* *,X10* 

273 68 1 279 1-76 1 34 U 81 

278 26 1-349 2-96 2-47 1-43 

282-98 1-422 4 88 4-16 2-43 

287-97 1-600 7-76 6 96 4-30 

293-08 1 581 12 1 11 4 6 90 

298-03 1-660 18-9 17 9 II-O 

303 21 1-742 26 4 27-6 17-6 

Discussion 

The kinetics of reactions in solution may now be regarded as in the third 
stage of development. The first stage coincides with the elucidation of 
molecular mechanism as revealed by measurements made at constant 
temperature. The dependence of the velocity of reaction on the concentration 
of reactants leads to the order of reaction; its dependence on added sub¬ 
stances to the detection of catalysis; and its dejiendence on salt concentration 
and dielectric capacity of the medium to the magnitude of the electrostatic 
disturbances. The second stage is represented by the approximate deter¬ 
mination of the variation of the velocity coefficient with temperature. This 
phase is marked by the study of the equation Infc = d - BjT, which has 
the form so often assumed by simple physicochemical systems which obey 
the Boltzmann statistics. The first coherent presentation of the whole 
available data heis, in fact, centred round a comparison of the constant A 
with certain theoretical frequencies of vibrations within the molecule in 
the case of unimolecular reactions, and of encounters between molecules in 
himoleonlar and termolecular reactions. The comparison rests on the 
necessary assumption that RB is the energy of activation. The third stage, 
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to which the present series of investigations belongs, is concerned with the 
modes of allocation of the critical energy among the oscillators which become 
excited or damped during activation. Its development requires data which 
are both more extensive and precise than those ordinarily available, and 
an abandonment of the classical for quantal statistics. 

As indicated in the opening sections of this paper, we now consider the 
experimental evidence sufficiently strong to warrant the generalization 
that unimolecular reactions in aqueous solution conform more closely to 
the following equation (of. equation ( 2 )) 

logioi = c-61ogio T-alT, (16) 

than to the equation of Arrhenius. According to classical and quantal 
theories, the mteger b is the number of feeble oscillations which take part 
in the activation. For example, the unimolecular constant, governing 
the conversion of a-gluoose into yS-glucose, may be expressed as follows: 

logio*« = 37-814-10 logioT-SOSO-ai/r. (17) 

Thus ten osciUations are involved, though the number is uncertain between 
7 and 13 (see table 9). In the hydrolysis of methyl bromide, the number is 
so much higher (34 i 4) that we may rule out a hydrolytic mechanism for 
the mutarotation, which may be legitimately considered as a highly localized 
activation confined to the potentially aldehydic group and possibly one 
water molecule. This relative simplicity in the mechanism, coupled with 
the similarity of the outer sugar structure to water, suggests that our 
observations at constant pressure are not very different from those which 
would be obtained at constant volume. We shall therefore compare our 
results directly with equation ( 12 ) of our preceding paper (Johnson and 
Moelwyn-Hughes 1940 ): 



is then found to be 6-61 x 10 “ sec. \ which lies near to the frequency 
kT/h (6-24 X 10 “ at T = 298-2°K). The corresponding mean wave number 
is 220 om.~^. These results support the supposition of activation among 
feeble oscillators, many of which would appear to be of the hmdered 
rotational type (Fox and Martin 1940 ). 
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The exact comparison of theory and experiment requires information 
on the complicated question of the dependence of many of these oscillatory 
frequencies on temperature. Until such information appears, we may regard 
the present theory as sufficiently clear in outline though blurred in detail. 

In table 17 we give the results of similar calculations for other reactions 
studied in this series. Columns 2 and 3 contain the experimental values of 
the energy of activation and effective mean frequency. In the last column 
is found the number of quanta, Kv, which would fully account for E^. We 
infer that the activation energy in mutarotation is not drawn solely from 
oscillatory motions or that each oscillator contributes many quanta. In 
the other oases, the figures in columns 4 and 6 tally. is about 21 for 
trinitrobenzoio acid and about 9 for trichloracetic acid; one is naturally 
inclined to attribute the difference of 12 to the three nitro groups, which 
may claim 4 each. 


Reactant m aqueous 

Table 17 

K, 

P X 10-‘* 

q-a 


solution 

cal./g.mol 

sec 

obs. 

Kflhv 

a-Qluoose 

23,056 

0 66 

10±3 

36-7 

Tnbromaoetate ion 

39,610 

6-26 

10±6 

80 

Triohloraoetate ion 

42,910 

6 70 

10±6 

78 

Methyl bromide 

46,820 

1-66 

34±4 

29-7 

2:4; 0-Trmitrobenzoato ion 

62,300 

206 

23±6 

18-7 


We are greatly indebted to Professor W. N. Haworth, F.R S., for advice 
in the purification of glucose, to the Chemical Society for a grant which 
partly defrayed the cost of chemicals, and to the Department of Scientific 
and Industrial Research for a maintenance allowance. Mr P. Johnson gave 
us most valuable assistance in completing our programme of work, which 
would otherwise have been left unfinished. 
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Inner excited states of the proton and neutron 

By W. HEm.KR and S. T. Ma 
H. H. WiUa Phyncal Lahomtory, Univerttily of Bristol 

[Communicated by N. F. Mott, F.R.8.—Recewed 14 May 1940) 

To avoid the difficultica of applying the pnwent meeon thoory to the 
interaction of faat mesons with nuclear partioles it is proposed as a hypo¬ 
thesis that tho charge and spin of an electron can assume higher quantum 
states Tlie theory is developed and tho possibility of observing the new 
particles disousaod. 


1. Introduction 

The fact that the proton and neutron have anomalous magnetio moments 
of + 2-78 and — 1-93 Bohr nuclear magnetons does not make it very likely 
that these particles can be described by a simple one-particle wave equation. 
Indeed, in order to account for the right magnitude of the magnetic moment, 
it would be necessary to introduce extra terms in Dirac’s equation with odd 
numerical factors corresponding to an ‘intrinsic’ moment of the above 
magnitude. This intrinsic moment is not a ‘natural’ relativistic effect as 
it is in the case for the electron 

In the meson theory it was possible to link up the existence of the ano¬ 
malous magnetio moments with other effects such as the nuclear forces. 
According to this theory a proton or neutron produces a meson field similar 
to the electromagnetic field produced by charged particles. The anomalous 
magnetic moments are accounted for by the virtual emission of a meson 
into states with finite angular momentum. Even in this theory it was neces¬ 
sary to attribute to a proton two sorts of field-producing quantities, namely 
a ‘charge’ g producing the meson analogue of an electric field and an 
‘ intrinsic magnetic moment ’ / producing the meson analogue of a mag¬ 
netic field. The introduction of an intrinsic moment of some sort seems thus 
to be unavoidable. 

Judging from the odd values which the magnetic moments have, it seems 
likely that the basic mechanism of these intrinsic moments is of a rather 
complicated nature. It is perhaps not unplausible to assume that a heavy 
particle has certain inner degrees of freedom and that its spin is only the 
lowest of a whole series of quantum states arising from one of these degrees 
of freedom. There are, in fact, a number of arguments in favour of such a 
h}rpotheBiM: 
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The meson theory in its present form exhibits a number of serious diffi¬ 
culties if applied to the interaction of fast mesons with a nuclear particle. 
This interaction increases rapidly with increasing energy, and hence all 
quantities involving fast mesons diverge or are far too big to ht the experi¬ 
ments. The anomalous magnetic moment of the proton, for instance, 
diverges strongly. The cross-section for the scattering of fast mesons by 
nuclei is found to increase rapidly with energy which is contrary to the 
experiments, and even at small energies the cross-section is bigger by an 
order of magnitude than experiments permit. 

A closer analysis (Heitler 1939 ; cf. also Heisenberg 1939 ) shows now that 
the reasons for these discrepancies lie in the fact that in the meson theory a 
nuclear particle has two degrees of freedom with which a meson has a very 
strong interaction and which can vibrate with a comparatively small inertia. 
These degrees of freedom are the spin and the charge. The non-rolativistic 
interaction between a meson field and a nuclear particle with spin o is* 

H =* /7|^div0-f^(acurl^)j-|-oompl.conj. (1) 

where//A —fhlf/c is the intrinsic magnetic moment (in the sense of the 
meson theory). If we compare this formula with the magnetic moment of 
a proton 4l/2Afc, we see that the inert mass responsible for any change of 
the spm direction under the influence of a meson field is the small meson 
mass /I and not, as one would expect, the proton mass. 

Similar considerations can bo applied to the charge. The possibility of 
a change of charge of the heavy jiarticlo by emission or absorption of a meson 
also represents a new degree of freedom. This degree of freedom gives rise 
to two quantum states for the charge with eigenvalues -f -1 (proton) and 
0 (neutron). No attempt has been made so far at a classical description of 
the charge, and it is not quite clear which quantity shall be defined as the 
‘inert mass’ of the charge, but it is clear that the exchange of charge takes 
place with a certain inertia. 

The experiments show now that all effects arising from the meson-proton 
(or neutron) interaction are, if not diverging, loo big by an order of magni¬ 
tude. This can only be remedied if we attribute a larger inertia to these two 
degrees of freedom. 

In quantum theory this can be done by assuming that further quantum 

* Notation as in Frohlich, Heitlor euid Kommer (1938). The factor 2 in the second 
term of (1) has been added because in this paper we shall denote by a the spm vector 
with the eigenvalues ± J, whereas in the paper by Frdhlich et cU. a was twice this 
value. 
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states exist arising firom these two degrees of freedom, or, in other words, 
that states with higher charge and with higher spin exist. It has already 
been shown in a preliminary note by one of us (Heitler 1940 ) that by the 
introduction of those states many of the difficulties of the present meson 
theory disappear. We shall therefore assume that a ‘proton’ can have 

higher charge states with charges + 2e, + 3e. and also ivith negative charges 

— e, - 2e, . Similarly, we assume that higher spin states exist with spina 

f, f, ..., etc., for each charge. Since i>articles with the above properties have 
not been observed so far, we shall have to assume that they have a somewhat 
higher rest energy than the proton. It will be seen in this paper that the 
first excited states (spin f and chaige — e and + 2 e) have excitation energies 
of the order of magmtude of 20 MeV. The fact that these excitation energies 
are still small compared with the rest energy of the proton Me* makes it 
possible to treat the higher states in a non-relatimstic approximation. 

It is probable, however, that the relativistic generalization will not meet 
with difficulties of any principal nature, at least as far as the higher spin 
states are concerned. Dirac ( 1936 ) and Fierz and Pauli ( 1939 ) have shown 
that relativistic wave equations for particles with arbitrary spin are 
possible in principle, although they become increasingly complicated for 
high spins.* 

In this paper we shall confine ourselves to the non-relativistio*oase (non- 
relativistic with respect to the heavy particle not with respect to the meson). 

The introduction of the higher states also affects the nuclear potentials 
at small distances. The most important result is that in this theory there are 
also strong attractive proton-proton forces even without the introduction 
of the so-called neutretto (neutral meson), and it is possible that the proton- 
proton scattering data can be explained without this particle which has not 
been observed in cosmic radiation so far. We shall therefore develop our 
theory introducing charged mesons only. Neutrettos could be included 
quite simply if this should bo required by the experiments. 

On the whole it will be seen that the new theory leads to results consistent 
with the experiments for all effects depending on the interaction of mesons 
with nuclear particles, and that no more serious difficulties occur than, for 
instance, in the theoiy of radiation. 

* Tn view of the resulta obtained m this paper, it would seem perhaps more natural 
to try and find a field theory desonbuig partioles with all spins simultaneously rather 
than to build up field theories describing particloe with one given spin only. 
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2. The spin botatob 

In order to introduoe states with higher spin we use the simplest possible 
model. We assume that the spin of a proton or neutron is described by a 
rotator which differs from an ordinary rotator only in that the quantum 
numbers y are half-integer instead of integer. Let a be the vector of the 
angular momentum (divided by K). The components of o satisfy the com¬ 
mutation relations 

o'fOy—O'yO^^—ttr^, (2) 

and the eigenvalues of <r* are 

tr* = j(j+l). j = . 

For spin j = i the stronger condition = 0 is valid, but for higher 

spins this is no longer the case. In addition to o wo introduoe a co-ordinate 
vector 8, the physical significance of which will be that of the intrinsic 
magnetic dipole (in the sense of the meson theory). The components of s 
commute with each other 

= 0 (3) 

and satisfy with o the usual commutation relations 

a^Sy - Sycr^ = tSy, = - iSy. (4) 

By the fact that o and 8 are vectors with respect to spacial rotations, the 
matrix elements of o and s are determined to a large extent. We use a 
representation in which o' and o, are diagonal matrices and have eigenvalues 
j( j +1 ) and m respectively. Then we have (of. for instance, Bom and Jordan 
1930, pp.160-2) 

K + = V{ 0 ' + ”»+ 1 ) (j-”»)}. ( 5 a) 


aTji =« m, (66) 

(6 c) 

( 5 d) 

= b,yl{(j-^m+ 1) (j-l-m)}. (5c) 

(9,-f wJJL+il)* = -b^yl{{j-m-l)(j-m)}. (5/) 

Of and bj are independent of m. The commutability (3) of the components 
of a leads to two further relations between o^, 6^, viz. 

aj + ( 2 j- l)bfb^-{2j+3)b^+ib^+i = 0 , ( 60 ) 

{j+ l)Oy6^-(j- l)6,Oy_i - 0. (86) 
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The formulae (6) and (0) are valid for any system satisfying the commutation 
relations (2)-(4). In general the Oj and bj will be matrices. The special 
features of a simple rotator are expressed in the fact that to each value of j 
there is only one quantum state. The a^, bj are then pure numbers which 
commute with each other and which we can assume to be real, 6^ = 6J. 
The recurrence formulae (6) can then readily be solved. The result depends, 
however, essentially on whether j is integer or half-integer. For half¬ 


integer j we find 




(7a) 



ay is normalized so that a^ = 1. 

8^1 is then identical with a^^. 

According to (5c) the j(; matrix elements of a are, apart from the constant 
ay, identical with the matrix elements of «r. This is in contrast to the well- 
known facts for integer spin. In the latter case the elements of the dipole 
moment all vanish, as can also be seen immediately from the recurrence 
formulae (0). For large j the difference disappears as ay decreases rapidly 
with increasing J. 

8 could so far be a vector or a pseudovector, a certainly is a pseudo¬ 
vector, i.e. an antisymmetrical tensor as can be seen from (2). The 
behaviour of 8 with respect to a reflexion at the origin depends on what we 
assume about the behaviour of ay and 6y. We have assumed that for J = i 
8 and a are identical. This means that s also is a pseudoveotor. The Oy, 6y 
are then invariant against reflexions at the origin and 8 hew the trans¬ 
formation properties of a magnettc d\poU momejU. The square of s has only 
diagonal elements and is proportional to the unit matrix. We easily find 

s* = J. (8) 

The fact that 8 is identical with o for j => ^ enables us now to generalize 
the interaction between a meson and a heavy particle in such a way that 
transitions to higher spin states are possible. Wo replace in (1) the spin 
vector o by the magnetic dipole moment 8. Furthermore, we have to add 
a term containing the excitation energy dy for the higher spin states. Thus 
we assume that the Hamiltonian is 
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Aa to the dependence of Aj onj a plausible suggestion can be made. The 
rotator model used above suggests a formula of the type 

+!)-!} = d{j{J +1) - i}. 

The term J has been added in order that A^ = 0 . Inserting for M the proton 
mass and for r the electronic radius, d is of the order of magnitude of 6 MeV; 
d| would then be 15 MeV We shall see below that the experiments lead to 
a value for this difference of the order of 20 MeV, which is just the right 
order of magnitude. For the following applications we shall need only the 
first excitation energy d|, and for this we shall use the value determined 
firom experiments. 


3. Hiohbr charob states 

In the absence of any classical anal(^ and any theory of the elementary 
charge there is no simple model which wo could use as a guidance for the 
introduction of the higher charge states. We shall have to introduce them 
in a more or less phenomenological way: In (1) Tl* is the operator changing 
a proton into a neutron and is zero if applied to a neutron, 77 is the operator 
changing a neutron into a proton and is zero if applied to a proton. We now 
change the definition of fl* and 77 so that: 77 * is an operator changing a heavy 
particle with charge ne into a particle with charge (n -1) e and U is an operator 
changing a particle toith charge ne into a particle with charge (n+ l)e. By 
emission or absorption of mesons a proton can then go over into a particle 
with charge 2e and a neutron into a particle with charge — e. Particles with 
charge ne can, of course, also have all different spins j. In the following we 
denote imrticles with positive charge ne and spin j by P/"’ and particles with 
negative charge — ne or charge 0 by and Nj®’ respectively. 

Particles with charge ne will have an excitation energy depending on n 
except if n = 0 or 1. From the theoretical iwint of view nothing can be said 
about the dependence of the excitation energy on n. In the following sections 
we shall make use only of the first excited state (» = + 2 and n » — 1), and 
for this we shall determme the order of magnitude of the excitation energy 
from the experimental facts. The excitation energy for the states P/*’ and 
will be denoted by Af* and dj""’ with df’ = Af^ » 0. 

4. ThB AirOHALOUS BtAONKTIO HOHBNT8 OF THE PROTON AND NEUTRON 

As a first application of our theory we calculate the anomalous magnetic 
moment of a proton in the normal state with spin j » i and charge 4- le. 
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using the usual perturbation method. We assume a proton with spin in the 
+z-direotion placed in a weak external magnetic field H in the same direc¬ 
tion and compute the change of the self-energy under the infiuence of the 
magnetic field. In the old meson theory a similar calculation (Frohlich et al. 
1938, which is referred to below as F. H, K.) leads to an expression 

for the anomalous magpietic moment n' which diverges like J dk. The 

divergence is due to the contribution of very fast mesons which are virtually 
emitted by the heavy particle. This is no longer the case in our new theory. 
Whilst in the old theory a proton with spin + \ could only emit a positive 
meson and only into states with angular momentum + lA, it can, in the new 
theory, also emit negative mesons, leaving the proton in an excited state 
with charge + 2 c. Furthermore, positive and negative mesons can be 
emitted into states with angular momentum —Ih. In the external magnetic 
field negative mesons and mesons with angular momentum — 1ft give, of 
course, contributions to the magnetic moment with opposite sign. If we 
would neglect the excitation energies, the resulting magnetic moment would 
be zero. The finite value of the excitation energies leads to a finite value of 
the magnetic moment, but the contribution of fast mesons with energies 
large compared with the excitation energies will cancel out. As a result it 
will be found that the magnetic moment only diverges logarithmically. 

For the calculation we adopt the same method which was applied in 
F.H.K.; we expand the meson field into spherical waves and take into 
account that a positive meson with angular momentum 4 - 1 ft about the 
z-axis has a magnetic energy in the magnetic field of eftr/ 7 12 e, where e is 
the relativistic energy of the meson.* The self energy is given by 

(10) 

» r* 

where is the energy of the meson in the intermediate state. For 

we have to take the matrix elements of (0) for the emission and reabsorption 
of a meson by the heavy particle respectively. Apart from the fact that e 
is now replaced by s, the matrix elements of (0) are identical with those of 
( 1 ) and can be taken directly from F.H.K. The sura (10) has now to be 

* The method of expansion mto sphenoal waves is simpler and, from the physical 
point of view, clearer than the usual method of expansion mto plane waves treating 
the influence of the magnetic field as a perturbation in Bom’s approximation. Both 
methods lead to exactly the same result. In F. H. K. there was a mistake of a factor 
2 which IS just compensated by the contribution from pair creation which was not 
taken mto account in that paper. The final formula given m F. H. K. is correct. 
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extended over six groups of intermediate states, namely (i) emission of a 
pomtive meson into a state with angular momentum about the z-axis + 1 A. 
leaving the heavy particle in the normal state with spin component in 
thez-direction7»p o This was the only term occurring in the old theory; 
(ii) emission of a negative meson into a state with angular momentum + \h, 
leaving the heavy particle m a state with nip = (iii) and (iv) 

emission of a positive or n^ative meson into a state with angular momentum 
about the z-axis -h 1/1 but leaving the heavy particle in a state or 
with mp (v) and (vi) emission of a positive or negative meson into 

a state with angular momentum — lA, leaving the heavy particle m a state 
Nf’ or PP' with mp = |A. A similar set of intermediate states arises from 
pair creation. The contribution from those states is the same and results 
simply in a factor 2. 

The denominators of (10) for these six oases are: 


(i) 


(ii) 


(iii), (V) 

= fic V(ifc*-I- A») ± + Af, Af, 

(iv), (vi) 

= hCyl{k*+A*)l^'^ + Af\ Af>. 


Here k is the wave number of the emitted meson. We write (scurl^) in 
the form 

(8 curl ourlj 0 i(«*+is,) (curl, - i curly) 0 

+ (curl,-I-1 curly) 0. (12) 

In the matrix element (^ 0 ) expression ( 12 ) has to be taken at 

the position ofthe heavy particle. As explained in F.H.K. (p. 172, equation 
(57)) the first term is always zero, the second term is different from zero 
only for a state with angular quantum number m = — 1, and the third 
term only for m =■ -)-1. In the two cases wo have 

m = + l (8ourl0)o = -t-J(s,-*Sy)tc-j^l;Yj 

2J2 

»n = -l (8curI^)„ = -i(s,-l-Wy)tc^i:Yj 


VOJ. 176. 
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In a similar way we find for the conjugate matrix elements 

m = +l (8curl0); = 

m = -\ (8curl0); = 

It has to be noted that mh is the angular momentum about the z-axis 
only for a positive meson, for a negative meson this quantity ia ~m/i 
because wave number and momentum have then opposite signs. 

q has matrix elements for the emission of a negative meson or the absorp¬ 
tion of a positive one. q* has matrix elements for the emission of a positive 
meson and the absorption of a negative one. q and q* are given by equations 
(26H2»)inF.H.K. 

We divide the product of the matrix elements for the six inter¬ 

mediate states by the corresponding denominators (11) and replace the sum 

S by an integral jdkjn. Expanding W into a power series with respect to 
H, we obtain for the term proportional to H 

>’ '‘•’i 

where 

+ (». + “.KlTr ' [(V+ ^ - (8 ^3f )•] 

- fe- (•.+5 

with j = m = If we would neglect the excitation energies ri, (16) would 
vanish and that for two reasons* first, the contributions of positive and 
negative mesons would cancel each other, and, secondly, even if no higher 
charge states and only positive mesons would exist, (16) would be pro¬ 
portional to 

[(»*+»»!,) («* - i»v)\T - [(«*-»«») K+ 



which vanishes because the components of« commute. It will be seen below 
that the ri’s are small compared with the rest energy of the meson. We can 
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thus expand (16) for Inserting the matrix elements for the s from 
(6), we have 

{ ( 17 ) 


Dividing (15) by H and by the Bohr nuclear magneton =° eh/2Mc, we 
find for the anomalous magnetic moment p' 

p' ^ 16if /* A f« k^dk 
p^ Sn p hcpe*] 0 (A*+A*)» ’ 


where p is the meson mass. The integral diverges logarithmically. We 
integrate to an upper limit for the energy he ^(i* + A*) large compared 
with pc^ and obtain 


p^ 3n p hepc*\ ° pt* 3/ 


(18) 


The divergence of the magnetic moment is of a lesser degree than m the old 
theory, but it has not disappeared entirely yet. This is, at the present state 
of our theory, hardly to be expected. Our theory is as far as the heavy 
particle is concerned non-relativistic It is well known that in Dirac’s hole 
theory the divergence of the self energies is less serious than in a non- 
relativistic theory. There are therefore reasons to believe that the magnetic 
moment will converge if the relativistic features of the heavy particle are 
taken into account. For the limit of validity of our theory we can therefore 
assume the rest energy of the proton = ifc*. From (18) and from the 
known value oip'fp^ ~ 2 we can then determine the product f*A and find for 
the dimensionless quantity 


hepe*’^ 


(19) 


In §§ 6 and 6 we shedl find further relations for the constants / and the 
A ’s enabling us to determine them separately. Presumably, the three A ’s 
in (17) are all of the same order of magnitude and for the present we may 
assume that they are all equal. It will be seen that the nuclear potentials 
and the orossHsection for scattering are of the right order of magnitude for 
g*lhc = f*lhc = 0-08 and d ~ 20 MeV. This would give a value for 

f*Ajhcpc*cc 1/60 

which is the reasonable agreement with (19), considering the uncertainty 
as to the exact determination of the constants. 
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6. ThK SOATTBaiNQ OF MK801I8 


Owing to the interaction between the meson field and a nuclear particle, 
a meson can be scattered by a free proton or neutron. The cross-section for 
this scattering has been calculated according to the meson theory by Heitler 
(1938) and Bhabha (1938).* 

The cross-section for the scattering of a longitudinal meson with momen¬ 
tum pje and energy e < Me* by a free proton or neutron at rest was found 
to be 




(20) 


This formula has two very interesting features First, the mass of the heavy 
particle M does not occur in ( 20 ) at all, whilst, from the analogy of mesons 
w ith light quanta, one would expect a formulae of the type of the Thomson 

formula, viz. 0 = ^ (ff*/Jfc*)*. (Cf. Nordheim and Teller 1938). Instead 

of M (20) contains the meson mass /t in the denominator. Secondly, (20) 
increases rapidly with energy for e > /ic*. If this were true, multiple processes 
would occur at high energies. A single meson could produce a shower of 
mesons in a single collision with a heavy particle The reason for the different 
behaviour of mesons and light quanta is the following; The scattering of a 
light quantum by a free chained particle takes place by excitation of a 
certain degree of freedom of the particle, and this degree of freedom is the 
free motion. The cross-section is inversely proportional to the square of the 
inert mass of the scattering particle and is independent of the energy as long 
as the latter is smaller than the rest energy of the scattering particle. The 
scattering of mesons cannot bo due to this same degree of freedom, since the 
mass M of the scattering particle does not occur in ( 20 ). In fact the scattering 
as given by the cross-section ( 20 ) is due to another degree of freedom, 
namely, the charge. This can be seen from the fact that neutral mesons 
would be scattered according to a much smaller cross-section. This has, for 
instance, been shown by Bhabha ( 1939 ), who has developed a classical 
theory for neutral mesons. We shall amve at the same result below. In 
addition to ( 20 ) there is, of course, also a contribution to the scattering from 
free motion, but this contribution is of the order of the Thomson cross- 
section (g*IMc*)*, which is small compared with ( 20 ). For transverse mesons 
a second d^ree of freedom, the spin, contributes to the scattering with a 
cross-section of the same order of magnitude as ( 20 ). 


• In the Boalar meson theory a sunilar calculation had already been made by 
Yukawa and Sakata (1937). 
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(20) is in violent disagreement with the experimental facts. Recently, 
J. O. Wilson ( 1940 ) has estimated the cross-section for the scattering of 
mesons in the energy region between a few times 10 * and 10 * eV. For low 
energies the cross-section was found to be less than 10 ~*^ cm.* and for 
10* eV the cross-section is of the order of 10 ~“ cm.*. There is no indication 
for an increase of 0 with eneigy nor is there any indication for multiple 
processes to occur in this eneigy r^on. Even for an energy as low as 
e =* 2/tc‘, ( 20 ) would be of the order of 10 “** cm.*, which is certainly out of 
the question. 

In our new theory the inertia of the two degrees of freedom in question— 
charge and spin—is very much larger and consequently the cross-section 
for scattering will be very much smaller than ( 20 ) and in agreement with the 
experiments. Below we calculate the contribution to the scattering from 
these two degrees of freedom. 

It will be seen that it is nut much laiger than the contribution from the 
free motion and a complete expression for the cross-section would have to 
include the latter as well. This, however, is only partially possible in our 
new theory, at least in its present—^veiy preliminary—state. The inter¬ 
action (d) is only valid for a heavy particle at rest, but for the calculation of 
the scattering due to free motion the interaction with a moving particle is 
required, at least up to terms proportional to v/c. In the old meson theory 
these terms can easily be derived from the relativistic generalization of ( 1 ), 
but we do not possess the relativistic generalization for the spin dependent 
part of ( 8 ) in the new theory. Although there should bo no principal difficulty 
in finding the interaction of a slowly moving dipole (according to our model) 
with a meson field up to terms oc v/c, we shall not be concerned with this 
question in this paper. No difficulty of this sort occurs for the scattering of 
mesons due to the spin independent 9 -ty})e of interaction. For this case we 
shall give the contribution to the cross-section from the free motion below. 

The following calculations are correct to the extent to which a proton or 
neutron can be considered as infinitely heavy. 

We consider the scattering of a positive primary meson with momentum 
Po/c by a free neutron at rest. The meson will be scattered into a state with 
momentum p/c. We neglect the recoil and have therefore | po| = \p\. 
We calculate the cross-section, using Bom’s approximation. The scattering 
can then be considered as a two-stage process with two sets of intermediate 
states: (i) The primary meson is first absorbed, transforming the neutron 
into a proton and, subsequently, the proton emits the secondary meson, 
returning itself into the normal neutron state, (ii) The secondary meson is 
first emitted by the neutron, which is transformed into an excited 
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particle. Subsequently, the primary meson is absorbed and the heavy par¬ 
ticle returns to the normal state. If both the primary and secondary 
mesons are transverse, transitions to higher spin states are also possible and 
the heavy particle in the intermediate may be in a or state respec¬ 

tively. In this case we have altogether four intermediate states. 

We first consider the case where the primary and secondary mesons are 
longitudinal. The matrix element responsible for the scattering is of the 
type 

V — ■ ^An^iiK 

where A, F,I, II are the initial, final, first and second intermediate states 
respectively. The energy differences are obviously 

E^~Ei = e„, E^-En = - (c + 4~“). (21) 


where ep and e are the energies of the primary and secondary mesons. In¬ 
serting for 7/^1, etc. the matrix elements for the absorption and emission 
of a longitudinal meson (F. H. K. equation (32)), we have, putting p 
and fip = €, 


7 = 

€ \t 


■ 6 + 4 -^ 7 ’ 


( 22 ) 


It is interesting to compare this result with the one obtained from the 
old meson theory. In the absence of excited charge states only the first term 
1/e of (22) is there because of the conservation of charge. The cross-section 
deduced from this matrix element would then be equal to (20). In the new 
theory V would vanish if we would neglect the excitation energy 
Thus, there would be no contribution to the scattering from the charge 
degree of freedom. The same is obviously true for the scattering of neutral 
mesons. Then also both intermediate states occur (even according to the 
old meson theory) and the only contnbution to the scattering is that fh>m 
free motion. 

Since A < t, we can expand (22) and obtain for V 


V 


A' «• ' 


and for the corresponding cross-section 


(23a) 
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In a similar way we obtain the cross-section for the scattering of a longi¬ 
tudinal meson into a transverse one 

Before discussing this result we consider the scattering of a transverse 
meson. In this case also the higher spin states have to be taken into account. 
The matrix element is then 

V = , (8 [ko],] )(8[ki]) 

e \A/ (_ 6 6 — 

(8[kJ]) (8lk,j„]) (8[kJ]) (8[k„J„]n 

J* 

Here ko and k are unit vectors in the direction of Pj and p, jo «'*'d j are unit 
vectors in the direction of polarization of the primary and secondary mesons 
respectively. It is easy to see that (24) vanishes if we neglect the ri’s. If 
we denote by Sq and « the components of the vector s in the directions of 
the unit vectors [koJo] and [kj] respectively, the square bracket of (24) is* 

If we now neglect the J’s, (25) becomes simply 

[ ] = g {(*o«)h - (««o)jj} 

by the laws of matrix multiplication. This expression vanishes because 
any two components of s commute For this result both the higher spin 
and higher charge states are necessary. For finite A we expand again as 
above, assuming ri ■<£. Furthermore, we make use of the following formulae: 

= +t(a[[kojp][kj]]), 

= -*>[[kojo] MJ]). 

*041 *» + *««(« “ 

*041*14+ *41*011 = ([^oJolMD- 

* la the following «ollOli> means: m being the spin component 

m' 

in the s-direotion. 
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The matrix element (24) then becomes 

x(o[[koJo][Kj]])}. ( 26 ) 


Prom (26) we easily find the cross-section. We take the sum over the spin 
directions of the heavy particle and over the two directions of polarization 
of the meson in the final state and the average over these directions in the 
initial state. The cross-section is then 


(23c) 

The cross-sections (23a,b,c) are all of the same order of magnitude. The 
most important features are. (i) The cross-section for scattering does no 
longer increase with energy but tends to a finite value for large e. (ii) At an 
energy of the order ftc* the cross-section is smaller by a factor of the order 
(AIfM*)* than (20). Using the numerical values for A,g,f used in §§ 4 and 6 , 
the cross-section is of the order of 10 “” cm.* for e — 2/ic* and is thus, within 
reasonable limits, in agreement with the facts. For the comparison with the 
experiments it has further to be remarked that, by relativistic reasons, the 
cross-section is likely to become smaller for t ~ Me* in a similar way as 
the cross-section for the scattering of light by an electron. It may well be 
that this effect is already appreciable at 10 * oV. 

In addition to (23) there is a contribution to the scattering from the free 
motion. As mentioned above, we are only in the position to compute this 
contribution for that part of the interaction which is independent of the 
spin, i.e. the fl(-interaction. We give the results without calculation* 


(2T«) 


as was to be expected from the analogy of light quanta and mesons. The 
same results have already been obtained by Bhabha ( 1939 ) from his classical 
theory, and by Heitler ( 1939 ) for neutral mesons. 

Both oontnbutions are even smaller than the contributions from charge 
and spin. There is no increase with energy. In all probability the con- 
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tributiona from the spin dependent part of the interaction will be, in a 
correct generalization of our theory, of a similar type as (27). 

Since the cross-section for scattering no longer increases with energy, 
no multiple processes toiU occur. This is also in agreement with the experi¬ 
mental facts. According to Lovell ( 1939 ) multiple showers, if they exist at 
all, are extremely rare and do certainly not play an important role m cosmic 
radiation. We cannot, of course, exclude that at some very high energy those 
multiple showers might occur, but within the scope of our theory, i e. up 
to 1000 MeV, they must be expected to be very rare. 


0. The nitclbar foiu'ks 

The existence of the higher excited states also influences the potentials 
between nuclear particles. This influence can be described m a similar way 
as the interaction of two atoms is described in the theory of molecules. 
From each pair of charge and spin states of the two particles a potential 
curve starts which, at large distances, is not affected by the existence of 
the other states. From the ground states, for instance, we have the same 
potential curves as obtained from the meson theory in its old form. As 
soon, however, as the potential becomes of the same order of magnitude as 
the excitation energy, viz. 20 MeV, the potential curves startmg from 
different excited states perturb each other. As is well known from molecular 
theories, this perturbation results in a mutual repulsion of potential curves 
of the same ‘race’ (i.e the same symmetries). Thus the lowest potential 
curve of each race will be further deepened. The smaller the distance is the 
stronger will be the influence of the higher excited states. The proton-neutron 
potential unit therefore be deeper and more narrow than according to the e~^lr 
law derived from the old meson theory. The most important result, however, 
is that there is also a strong attractive proton-neutron interaction due to the 
existence of the higher charge states. Such a proton-proton force, as 
required by the scattering experiments, could, in the ol<l meson theory, only 
be obtained by introducing a neutral meson (neutretto). There seems now 
to be a possibility of explaining the proton-proton scattering data without 
such a neutral particle. This would be an advantage inasmuch as the 
neutretto has not been observed in cosmic radiation so far, and recent 
experiments by Lovell ( 1939 ) show that their intensity is certainly less than 
10 % of the intensity of charged mesons. Although this does not necessarily 



W. Heitler and S. T. Ma 


mean that neutrettos could not exist, it would seem unlikely that their 
intensity in cosmic radiation should be so small.* 

The nuclear potentials can be calculated by the method of secular per¬ 
turbation which is also used m the theory of molecules. The potential 
between two nuclear particles at a distance r is given by the formula derived 
from the meson theory 


X {»■+v[(....)(l 4+Ali)]l ■ 


which differs from the potential of the old meson theory only in that the 
significance of and s^, Sg are different. A. is now the operator by which 
the charge of the particle 1 decreases by one unit and the charge of the 
particle 2 increases by one unit Sj, s, are no longer the spins of the two 
particles but are the dipole moments introduced in § 1. (28) has a diagonal 

* [Added tn proof. Recently, it hns been miggeHted by Uetlm (1940) that the 
nuclear forces aliouhl be due to the exchange of neutral mesons only. The argument 
put forwartl by Betbo is based on the fact that m such a neutral theory a quantitative 
treatment of the deuteron problem is possible, and that this » not the case in an 
alternative ‘symmetnoal’ theory which differs from Kemmer’s form of the meson 
theory (Kemmer 1939) m that one of the constants (g) is put equal to 7.ero. Especially, 
It has turned out that in the ‘symmetrical’ theory the sign of the quadripole moment 
of the deuteron is the wrong one. We do not think that such a neutral theory can 
oorrosfxind to reality. The most convincing pomt of the meson theory—perhaps the 
only one which gives it preference to any of the older nuclear theories—is Yukawa’s 
relation between tho range of nuclear forces and the mass of the cosmic ray particles. 
This connexion is lost m a neutral theory and tho same is tnio for the connexion 
between the /?-decay of cosmic ray mesons and nuclei and for the qualitative ex¬ 
planation of the anomaluiis magnetic moments. These difhculties have, of course, 
also been fully realized by Bethe. We lieheve, however, that in a preliminary theory 
like tho meson theory which can only claim to have tho value of some sort of corre¬ 
spondence prmciple more weight should bo put on a qualitative connected account 
of many different phenomena than on a quantitative treatment of a smgle effect. 
This is all tho more the cose if such a quantitative treatment is only made possible 
by a suitably chosen ‘cuttmg-off’ procedure which is always to some extent arbitrary 
We do not tlunk either that tlie negative part of the above argument is conclusive 
Tkithe’s ‘symmetrical tlieory ’ is a very specialized form of the meson theory m which 
the constants are given special values. It has been shown by Mellcr and Rosenfehl 
(1938) for their version of the meson theory and by one of us (Ueitler 1939) for a 
pure vector theory that any sign of tho quadripole moment can be obtamed if full 
use IS made of the constants available. The fact that a certain specialized form of the 
theory gives quantitatively wrong results for the deuteron cannot, in our opinion, 
be useii as part of an argument in favour of another theory which can be inade to 
give right results for tho deuteron but disagrees with other oxpenraental foots m 
pomts of a far more principal nature.] 
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matrix element for each pair of charge and spin states and has also matrix 
elements corresponding to transitions between different charge and spin 
states. In order to simplify our oalonlations we confine ourselves to S-states. 
This is a good approximation to reality, although it is known the ground 
state of the deuteron is a mixture of a *S- and *Dj-state. The admixture of 
the D-state is, however, very small. This has been shown by Alvarez and 
Bloch ( 1940 ), who have measured the magnetic moment of the neutron 
directly and have found that the magnetic moments in the deuteron are 
additive within 1-5 %. A simple consideration shows then that the admix¬ 
ture of the D-state is certainly not greater than 10 %, a figure which is still 
big enough to account for the quadripole moment of the deuteron.* For the 
deuteron potential the D-stato is probably unimportant (cf. § 7 A). 

For S-states (28) becomes 

y = + (29) 

The actual potential between the two particles is derived from a secular 
equation in which the matrix elements of (29) enter. The rank of the deter¬ 
minant depends upon the number of excited states which are taken into 
account and is in principle infinite. The whole character of our theory is, 
however, that of an approximation from lai^e distances and for this case 
only few of the excited states are important. In the first approximation we 
obtain the same result as in the old theory. As a second approximation we 
take into account one excited state for each particle. We consider, for instance, 
the proton-proton and proton-neutron singlet states. Up to the second 
approximation the following states occur. 

P-P(iS) IV'P^9; P?»Ny>; PV’P¥>. 

P.N(iS) P^«N5f>; Py^NV*"; P^*’N^o). 

For both cases the chaige wave functions are symmetrical in the two par¬ 
ticles, since, for a singlet, the spin wave function is antisymmetrical and, for 
a S-state, the special wave function is symmetrical. The charge wave func¬ 
tions are therefore of the type^{«(l) e( 2 ) + «( 2 ) i;(l)} or u(l) tt( 2 ) according 

to whether the two particles have the same or different charges. Hence, the 
diagonal matrix elements of P = Pj, -I- are all equal to unity if the charges 
of the two particles differ by one and nought otherwise. The non-diagonal 

* This figure mecina that if the wave function of the deuteron is written in the 
form yi'f-f av^s, a is of the order of O-l. 
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elements are equal to ^2 for the transition from the state Fupcn into the 
state F*>N® and 1 for the transition from to 
The spin wave function is 

l{a{l)/?(2)-a(2)/?(l)}, 

if the two particles both have spin J. If they both have spin the spin 
function is 

i{o(l)d(2)-6(l)c(2) + c(l)6(2)-d(l)o(2)}. (30) 

where a, h, c, d are the spin functions of one particle with spin component 
in the z-axis of |, i, - -1 respectively. The matrix elements of s for the 

transitions a->o, a->-6, etc. are given in equations {Sa-f). Hence we 
obtain for the matrix elements of (Sja,) 

Diagonal element (H) ^ (i i) = ~ 3. 

Diagonal element -ii 

Non-diagonal element (J1)-> (f |). - 3^/2. 

Thus the secular equations are: 

ForP-N(iS): 

0-2F-e 0-2F -2^2F 

0-2F - 242 F =0, (3lo) 

-2V2F -2^2F 

For P.P(iS). 

-e yj2{Q-2F) 0 

V2(«-2F) 4«-e -4F =0, (316) 

0 -4F 2Af-6 

where O' = j?*e and F =■ fh-^lr 

In a similar way we find the *8 proton-neutron potential In the same 
approximation it is described by a determinant with four rows and columns 

P-N(»S): 

I _G_|F-e O-t-fF |F yiOF 

I O + iF 4»>-i-4-«-c -fF -fVlO^ 

I |F -fF _0-^tF+4«-e 

I IVlOF -fVlOF -0+^F + 2A<i^-6 

(31c) 
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ooneBponding to the four states 

p^i)Nj»; py)NV-«; and 

In (31a-c) a number of constants occur upon which the actual potential e 
will depend. These constants are g^,f* and the d’s. A variation of these 
constants gives rise to a great variety of potential curves which, however, 
are all of the same type if the constants are varied within reasonable limits. 
We determine the constants from the following experimental facts: The 
depth of the *S P-N potential is ~25 MeV and that of the P-N 
potential about half of this dgure. For the depth we take the value of the 
potential at a distance where e-^jXr = 1. Furthermore, we have the value 
of the anomalous magnetic moment and a rough estimate of the scattering 
cross-section. The A 's are probably all of the same order of magnitude and, 
for the purpose of this section, we can assume that they are all equal. We 
have found that the following choice of the constants leads to a reasonable 
agreement with the above experimental facts. 

giX = /*A = 0-3d, d ~ 20 MeV. (32) 

These figures are, of course, very rough and are only intended to indicate 
the order of magnitude, especially because no exact meaning can be attached 
to the “depth” of our potential curves. An exact determination would 
involve the solution of the Sohrodinger equation for our potentials. The 
figures (32) have already been used in §§ 4 and 6 and have been found to 
give reasonable results for the magnetic moment and the cross-section for 
the scattering of mesons. 

The potentials can then easily be worked out numerically. In figure 1 
we give the lowest potential curve for the three oases. For the sake of a 
simple representation we have plotted the potentials divided by e-^/Ar, 
viz. the function f(Xr) defined by 

6 =f{Xr)e-^'/Xr. (33) 

In the old meson theory/(Ar) is constant (dotted in figure 1; the choice o 
the constants (32) would, of course, have to be different in the old theory). 

The curves obtained are the second approximation coming from large 
distances. At very small distances the potential curves are further deepened 
by the infiuence of still higher excited states. In figure 1 the part of the 
curves which would be influenced by the higher approximations is dotted. 
It is, however, quite easy to find a lower limit for the potentials at very 
small distances. Such a lower limit is obtained if we neglect the excitation 
* In (31e) we have assumed s= df*. 
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eneigies altogether. As for as the charge is concerned, the seonlar problem 
can then be solved exactly. If ne is the charge of one particle, the charge of 
the other particle is - (n - 2) e for the P-P case and - (n -1) e for the P-N 
case. The secular problem is then equivalent with the solution of the 
following set of linear equations 

(®it+i+««-i) = pa„. (34) 

p being the eigenvalues of the operator + P„ occurring in (29). There are 
certain boundary conditions to be satisfied for n = 1 which depend on 
whether we consider the P-P and P-N case. In both oases the eigenvalues 
p are the same, viz. 

p*2co8Jfc (0<A:<2ff). 

Thus we have a lower limit for all iiotentials if we put 
P„-|.P„ = -2. 

This is also the asymptotic value to which all potential curves tend in the 
limit r-*’ 0 It is to be noted that this asymptotic value is charge independent, 
i.e. the same for the P-P and P-N ease 

A lower limit for (P^, + /^) (s^s,) can also easily be found. Since the com¬ 
ponents of and Sg all commute, we can choose a representation in which 
Si and «, are both diagonal. The lower limit of (SiS,) is then, according to (8), 

(^i.+Ai)(*i8t)>-2xf. 

Thus a lower limit for all potential curves is 

e> - 2(g*+6/*)-—. (35) 

In the representation for which Sj and s^ are simultaneously diagonal 
the total spin is not defined. It is not certain whether the asymptotic values 
to which the singlet and triplet states tend for r->0 are the same or not. At 
any rate, the triplet-singlet difference becomes relatively smaller at smal l 
distances and it is possible that it will disappear in an exact solution for 
r = 0. 

Although through the higher states all potentials are deepened, no new 
singularity is Introduced in this way. The lower limit (36) decreases as 1/r 
like the ordinary meson potential. 

As it is seen from figure 1, the P-P potential is very small at large distances 
but approaches the P-N potential rapidly for Ar < ^. At small distances the 
^rUiala are charge independent. In our approximation the ratio /p.p//p.N 
is very nearly equal to unity for r = 0. and it becomes exactly equal to unity 
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in a higher approximation. The ratio fp.plfp.n is also plotted in figure 1 . 
Since in our theory the potentials are deeper and more narrow than in the 
old theory, the aoattering of protons or neutrons by protons will, to a larger 
extent, be due to contributions from small distances. It is quite possible 
that the scattering experiments can be explained by potentials of the type 
of figure 1 . Whether this is the case or not can only be decided after a more 

Ar 
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FiaWK 1. P-P and P-N iwtentials for ttie *S- and *S-state8. The function/(Ar) u 
the potential divided by e-^'IAr (equation (33)). The dotted parts are in a region 
where the higher approximations are effective. In this region the truo curves ore 
lower. The scale on the left-hand side is m unite of A. One umt corresponds to 
approximately 20 MeV. The ratio /p p//p „ is also plotted (scale on the nght-liond 
Bide). The constants chosen ore: ff‘A =/*A = 031. /(Ar), according to the oUl theory, 
IS constant. The values of /oid (dotted) ore for the same values of the constants. 

detailed calculation of the scattering cross-sections. Some American authors 
claim exact identity of the P-P and P-N potentials.* Exact charge in¬ 
dependence can clearly not be obtained in our theory and if it should prove 
to be true we had still to fall back on the introduction of neutral mesons. 
It is, however, very interesting to note that Hoisington, Share and Breit 
( 1939 ) from calculations of the scattering cross-sections on grounds of the 
meson potential e~^’'/r came to the conclusion that the range of the singlet 

* We are very much indebted to Professor Breit for a comment on this question. 
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potentials is only half of that to be expected firom the value of the meson 
mass. This is now exactly what we find in our theory, assuming the right 
meson mass (/t 180). This agreement may be considered as a certain sup¬ 

port of our h 37 )otheBi 8 . 

For a more detailed comparison of our results with experiments it must 
be remembered that the curves of figure 1 are valid for a certain choice of 
the constants. It is very probable that a slight variation of these constants 
may lead to a still closer similarity of the P-P and P-N curves. In view of 
the qualitative and preliminary character of the theory, we have not made 
any further attempts in this direction. 

In connexion with the higher spin states there is another point of a more 
principal nature which must be borne in mind. In the meson theory—also 
in the new form proposed by us—a proton has a charge g and a magnetic 
moment//A. A magnetic dipole moment is in fact the highest moment that 
can be attributed to a particle with spin Particles with spin higher than 
i can, in principle, have higher moments. A particle with spin j could have, in 
addition to an electric monopole and a magnetic dipole, an electric quad¬ 
ripole, a magnetic 8-pole, an electric 2*-pole, etc., the highest being a 
2*^-pole. In our theory particles with spin f occur. These particles could 
have an electric quadripole and a magnetic 8-pole moment and could 
produce a meson field of such a higher type. It those higher moments existed 
they would give further contributions to the nuclear potentials, even in the 
approximation considered above. Whether they exist or not can only be 
decided on grounds of a more deeply founded theory than that attempted 
in this paper, but for this reason the curves of figure 1 must be considered 
with some reserve.* 


7. Other KEfEors 

In this section we discuss briefly the bearing of our assumptions on other 
effects which have been derived from the meson theory. 

A. The 1/r* term in the deuteron potential. In the preceding section we 
have derived the nuclear potentials for pure S-states. This procedure is not 
quite exact since the exact deuteron potential (28) leads for the ground state 
to a coupling of the ®S- with a “Dj-state, the coupling-energy being propor¬ 
tional to 1/r*. A 1/r* term inserted in the Sohrodinger equation gives rise to 
a diverging eigenvalue. This difficulty is not remedied by our new assump- 

* A meson could thus have an elootrio quadripole moment. In the ordinary form 
of the theory it has in fact such a quadripole as a relativistic effect. This can best 
bo seen from Kemmer’s formulation of the theory (Ksmmer 1939, equations (88), 
( 30 )). 
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tions, sinoe the new potential (equation ( 28 )) also contains, of course, the 
1/r* term which simply arises from the magnetic dipole-dipole interaction. 
Mailer and Bosenfeld (1939) have tried to avoid this difficulty by assuming 
that the meson field is a combination of a vector and a pseudosoalar field. 
Kemmer (1939) has shown recently that there is an intimate mathematical 
connexion between those two fields and it might well be that this possibility 
has seriously to be taken into account. Here, we wish to draw attention to 
another aspect of this problem. At the end of § 6 we mentioned that a particle 
with higher spin could, in principle, have higher electromagnetic momenta 
and could produce a meson field of a higher type. Thus the higher spin states 
might give rise to a further contribution to the interaction of two heavy 
particles in addition to ( 28 ) corresponding to the interaction of two electric 
quadripoles, or of a magnetic dipole with a magnetic 8-pole and so forth. 
( 28 ) would only be the first term of an expansion valid for large distances. 
Although the higher types of interaction would increase with even higher 
powers of 1/r, it may well be that the senes converges. The interaction of 
two finite charge distributions may be finite at all distances and yet, if 
expanded m terms of multipules, may increase with higher and higher 
powers of 1/r. Whether this possibility is to be taken seriously will be a 
question of the future development of the meson theory. 

B. Deviation from the Coulomb law. According to the meson theory in 
its old form, the electrical field in the neighbourhood of a proton deviates 
largely from the Coulomb law (Fiohlich, Heitler and Kahn 1939). Owing 
to the virtual emission of positive mesons, the charge distribution was found 
to be of the following form: A cloud of positive charge extending over a 
i^ion with linear dimensions of the order of 1/A and increasing rapidly with 
decreasing distance is compensated by an infinite negative point charge 
at the 3x>sition of the heavy particle. Cbnsequently, the Coulomb attraction 
decreases at small distances and turns into a repulsion for Ar < ^. The energy 
levels of the hydrogen atom are shifted towards higher energies. Whilst 
earlier experiments seemed to show an effect of this sort, Drinkwater, 
Richardson and Williams (1940), on grounds of new experiments, came to 
the conclusion that no real evidence has yet been obtained for it. Probably 
the effect is smaller than the theory would predict. In our new theory the 
situation is quite different. A proton is also capable of emitting virtually 
negative mesons and the result will be that the positive charge density in 
the immediate neighbourhood of the heavy particle is much smaller than 
in the former form of the theory. In all probability the repulsive effect will 
disappear and the law of force will only be a diminished attraction. The 
shift of the hydrogen energy levels towards higher energies will be very much 
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smaller and will probably lie outside the reach of the present speotrosoopioal 
accuracy. 

C. Photodeetric effect of the deuteron. The exchange forces between proton 
and neutron contribute considerably to the cross-section for the photo¬ 
electric disintegration of the deuteron, especially at high energies. The effect 
is the larger the more rapidly the nuclear potential decreases with distance. 
The effect is therefore particularly marked for the meson potential (28), 
the largest contribution being due to the l/r* term (Fiohlich et al. 1940). 
This does not mean, however, that it is only the extremely small distances 
which matter; for an energy of 10 MeV the main contribution comes from 
distances of the order of magnitude of ^A. In our new theory the deuteron 
potential decreases even more rapidly with distance. It is therefore to be 
expected that the large cross-seotion for the photo-disintegration at high 
energies derived from the meson theory will remain unaltered in our theory. 
The effect depends, however, on the presence of the 1 /r* part of the nuclear 
potential. In Meller and Rosenfeld’s (1939) modification of the meson theory 
no such effect would oociur. Measurements of the cross-section and angular 
distribution for the photodisintegration of the deuteron at high energies 
would provide a very valuable check on the presence of a 1/r* potential and 
on the two alternative formulations of the meson theory. 

D. Interaction with the electromagnetic field. In this paper we have only 
been concerned with the interaction of mesons with nuclear particles. 
There is, however, little doubt also that the interaction of mesons with the 
electromagnetic field will have to be changed in some fundamental points. 
For many effects depending upon this interaction the present theory leads 
to results which are, at least at high energies, incompatible with experi¬ 
ments. Wo mention three examples: (i) The cross-section for Bremsstrahlung 
emitted by a meson during the passage through the Coulomb field of a 
nucleus is found to increase at high energies like the square of the energy, 
or, if the modification of the Coulomb field within the nuclear radius is 
taken into account, like the energy of the meson (Oppenheimer, Snyder and 
Serber 1940; A. H. Wilson and Booth 1940). The corresponding cross- 
section for an electron is independent of the energy. The result is incom¬ 
patible with the high penetrating power mesons with energy > 2 x 10^** eV. 
The effect is due to the laigeness of the interaction between meson and light 
quantum associated with a change of the direction of polarization. It is 
interesting that similar large results have been derived for the collision 
cross-section of a meson with an electron, but these results do not seem to 
be incompatible with the experiments (Massey and Corben 1939; Oppen¬ 
heimer et al. 1940). 
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(ii) In a ooUicdon with a free nuclear particle a meson can be trans¬ 
formed into a light quantum, for instance, 

Y+-\-N ^P^-kv. 

The cross-section also increases like the square of the energy (Heitler 1938; 
Kobayasi and Okayama 1939). This is certainly incompatible with experi¬ 
ments for energies higher than a few times 10* eV. Although in this process 
the interaction with the nuclear particle is also involved, the result is not 
affected by our modification of the meson theory. A closer examination of 
the calculation shows that the largeness of the effect is solely due to the 
largeness of the meson-light interaction associated with a change of the 
direction of polarisation of the meson. The same was the case for (i). 

(iii) As mentioned in § 6, a meson has a relativistic electric quadnpole 
moment. A negative meson, say, moving in the (loulomb field of a nucleus 
has therefore an attractive potential proportional to l/r® which gives rise 
to an infinite energy level for the ground state.* 

In view of these results it must be concluded that the description of the 
electromagnetic properties of mesons by the present theory cannot be 
correct and that some fundamental changes are required in order to bring 
it into harmony with experiments. 

8. The observability of the new pabticles 

Most suitable for observation are the particles in higher chaise states 
2 e or — e. The excitation eneigy being of the order of magnitude of 20 MeV, 
it is clear that these particles could not have been observed in laboratory 
experiments. The only possibility of finding them is in nuclear collisions of 
cosmic ray ^lartioles. Roughly speaking, those collisions give rise to two 
different sorts of processes: (i) The primary energy is taken up by the nucleus 
and transformed into nuclear heat energy. Kven if the primary particle 
has an energy of 10* MeV, the nucleus reaches a temperature of not more 
than 10-20 MeV. During the subsequent evaporation it is unlikely that 
particles in one of the excited states will be emitted, although, of course, 
this may happen in a small fraction of cases. 

(ii) The primary energy is transferred to a single nuclear particle which 
leaves the nucleus at once, taking up an energy comparable with the primary 
energy. In this case single protons with energies of the order of magnitude 
of 10 *- 10 * eV are produced and it is to be expected that an appreciable 
fraction will be in excited states. Again, the chance for observing them at 
* According to a private oommumcatum by Kemmer. 
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sea level (or even on high mountains) is diminished by two factors. Un¬ 
doubtedly most of the heavy particles are produced in the high atmosphere. 
The particles with charge 2e lose four times more energy than the particles 
with charge e and have therefore a much smaller chance than ordinary 
protons to penetrate through the atmosphere. (This would not apply to 
particles with charge -e.) Secondly, the excited particles are certainly 
liable to / 9 -dcoay during which they fall down to the normal proton or 
neutron state. It is difficult to say what the decay period would be for an 
energy of 20 MeV. It is certainly a small fraction of a second and it is quite 
conceivable that the life time is smaller than 10 * sec. From an extrapolation 
of Sargent’s law for light nuclei one arrives at a figure of the order of 10~* sec. 
This ffgure may bo too large, as has been pointed out by Nordheim and Yost 
(1937) because the matrix element for the /i-transition is much smaller for 
a complex nucleus than for a single particle. If the life time is 10 ~^ sec. or 
less, a large fraction of the excited particles decay before they reach sea level. 
The best chance for finding them is therefore at great heights. 

So far few heavily ionizing particles have been observed in cloud chamber 
experiments, and in very few cases (most of them are slow mesons) their 
identity has been established. It is improbable that the new particles could 
have been discovered in any of the experiments carried out up to the present. 

There is, however, one track published by Ajiderson and Neddermeyer 
(19361 figure 13) which might be interpreted as a particle with charge 2e. 
In order to identify a track completely three independent measurements 
(for mass, ohaige and energy) are required, for instance, range, ionization 
and curvature in a magnetic field. If for charge and mass only values are 
assumed which correspond to known particles, two measuroments are 
sufficient. For convenience we give the formulae for range R, ionization I 
and Hp for a particle with mass M (large compared with electronic mass) 
and charge z expressed as a function of the energy E, velocity v and Up, 
assuming that the energy is small compared with Me*. 


E* \ Mv* \ z*(Hp)* 1 

2 AMz*log{aEIM) ~ 8 . 4 z*log(or*/ 2 ) " ' 9 AM* log(az*(Hp)*l 2 M*y 


r 0^*1 az*(Hp)* 





z z 


( 36 ) 


A, B, a are constants which depend only upon the material traversed. For 
normal air a is about equal to 12 if all masses and energies are expressed in 
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units of the proton mass and AfeV respectively. The formulae for R are 
correct if 2 log {aEjM)^ 1, which is approximately the case for the energies 
in which we are interested. 

The track in question emerges from a lead plate and is produced by 
a big shower. According to Anderson and Neddermeyer it has an Hp of 
‘ at most ’ 1 * 4 x 10 * gauss cm. and a visible range certainly larger than 6 cm. 
Apparently, it passes out of the illumination, but judging from the photo¬ 
graph published by Anderson et al. the curvature seems to increase at the 
end of the visible part of the track and if this is the case the actual range 
cannot be much larger than 5 cm. If the track is interpreted as a proton, its 
energy would be at most 1 MeV and its range would not be more than 2 cm. 
Next it would be natural to assume that it is a slow meson. Then the range 
would be, according to ( 36 ), 200 m., the energy 10 MeV, and the specifio 
ionization only about thee times greater than the minimum ionization. 
The appearance of the track does not make this interpretation very likely 
(compare Corson and Brode 1938), and it is impossible if the increase of 
curvature near the end of the range is real. 

The information supplied by the photograph is in full agreement with 
the assumption that it is a particle with protonic mass and charge 2e. 
According to ( 36 ) the range would then just be 6 cm., or 5*4 cm. if the increase 
of M by the excitation energy is taken into account. The ionization would 
practically be the same as that of an ordinary proton of the same Hp. Any 
other explanation would be far less probable. If we would for instance try 
to interpret the track as due to a particle with smaller mass, the mass would 
be 1300 m., which is a very unplausible figure. 

We give this interpretation with greatest reserve. Before it can be 
accepted other reasons for the anomalous behaviour of the track, perhaps 
in the nature of scattering by the gas, will have to be discussed. It must 
also be remembered that 'unusual’ tracks have been occasionally reported 
by several authors (one of them, for instance, by Williams and Pickup 
(1938) with an apparent mass of 540 m.) which cannot readily be inter¬ 
preted as due to particles in higher charge states. Certainly, far more experi¬ 
mental material is required before the question of the existence of the new 
particles can be settled. 

We wish to express our thanks to Dr Frohlioh for many interesting and 
helpful disoiissions. Our thanks are also due to Drs Bhabha and Kemmer 
who have helped to clarify the difQculties which were the starting point 
for this pai>er. 
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SmOfABY 

The present meson theory exhibits s number of serious diffioulties if 
applied to the interaction of fast mesons with nuclear particles. In order to 
avoid these difficulties the following h3rpothe8is is made; Charge and spin 
of a proton and neutron shall be capable of assuming higher quantum states. 
Thus paxticles shall exist with approximately protonic mass and with 

charges + 2 e, — e, etc., and also with spins f, f, It is assumed that the 

lowest of these higher states have excitation energies which turn out to be 
of the order of magnitude of 20 MeV. The higher spin states are introduced 
by means of a simple model, namely that of a rotator with half-integer 
angular momentum. The theory is essentially non-relativistio with respect 
to the heavy particle. 

The theory leads to the following results: 

(i) The cross-section for scattering of mesons by a heavy particle is 
smaller by an order of magnitude than according to the former theory (and 
in quohtative agreement with experiments) and no longer increases with 
energy. Thus no multiple showers are to be ex{>ected. 

(ii) The anomalous nvagnetic moments of the proton and neutron diverge 
only logarithmically and, if the theory is limited to energies smaller than 
the rest energy of the proton, are in reasonable agreement with the experi¬ 
mental values. 

(iii) The influence of the higher states on the nuclear {lotentials results 
in a deepening of the potentials at small distances. Even without intro¬ 
ducing neutral mesons there is strong attractive proton-proton potential, 
and it is discussed whether the proton-protun scattering data can be 
explained without this hypothetical particle. 

(iv) The deviation from the Coulomb law for a proton derived from the 
former meson theory is much smaller in the new theory, whereas for the 
photodisintegration of the deuteron the characteristic meson effects are 
expected to be even more marked. 

The possibilities for observing the new particles are discussed. It is 
pointed out that it would have been unlikely for the particles to have been 
discovered in any of the experiments which have been carried out up to 
the present. Nevertheless, one track published by Anderson and Nedder- 
meyer which caimot be due to any of the known particles is tentatively 
interpreted os due to a particle with charge 2 e and protonic mass. 
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X-ray structure and elastic strains in copper 
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AND W. A. Wood, D.So., Physics Department, 

National Physical Tjohoratory, Teddington, Middlesex 
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An X-ray examination of copper has been undertaken whilst the metal 
hag been actually under tensile stress, and the X-ray stnioture investigated 
at a s yst ematic series of points on the load-extension curve and during 
unloadmg and reloading from selected pomts on the otirve. It is shown 
that the permanent strain is associated with the breakdown of the grains 
into the cryatalhte formation and that this change is essentially irreversible 
The elastic strain of the metal is accompanied by reversible changes in 
dimensions of the atomic lattice which take place without leaving in the 
lattice any jKirmanent distortion, as shown by the observation that the 
X-ray diffiaotion rings, including rings of the diifuse typo, contract and 
expand under the action of the applied stress without any change in the 
degree of diffusion. The lattice changes are distinguished m this way from 
oertam lattice strains or lattice distortions permanently imposed on the 
lattice as a result of deformation by cold-work. Quantitative measurements 
are made on the elastic lattice strains exhibit^ by the (400) and (331) 
planes m a direction perpendicular to the axis of the apphed stress, and 
these are compared writh the equivalent external clastic constants. Iheee 
measuremonts show that marked difference in rate of stndn may take 
place m neighbouring grains subjected to the same external stress, and 
on this difference is based an explanation of the extenaive breakdown of 
the grains mto components of widely varying orientations which charac¬ 
terizes the structure of a polyciystallme metal after deformation beyond 
the yield pomt. 


1. Introduction 

When a metal u stressed beyond the yield point, the resulting deforma¬ 
tion may be regarded as consisting of two types, an elastic strain and a 
superimposed permanent strain. The changes in crystalline structure 
associated with the permanent strain can be studied without the necessity 
of examining the material whilst actually under load, since this deformation 
remains after removal of the stress. This procedure has in fact been fol¬ 
lowed in recent researches, in which the changes in structiure produced 
by permanent deformation at normal temperatures have been investigated 
[ 898 ] 



X-ray structure and elastic strains in copper 399 

by X-ray difiraotion methods; a metal has been subjected to systematic 
increases in permanent strain by application of appropriate stresses, and 
the load then removed at each stage whilst X-ray tests were made. By 
this means, information has been obtained, from the X-ray point of view, 
on the mechanism by which the metallic grain accommodates itself to 
this type of strain; in particular, it has been shown that within the grain 
exists a large-scale unit of structure, termed crystallite, defined by a lower 
limiting size which has a characteristic value for a given metal; and, also, 
results have been obtained on the relation between the dispersal of the 
grains into this crystallite formation and such mechanical properties as 
yield-point, plasticity and fracture (Wood 1939: Wood 1940; Wood and 
Thorpe 1940; Gough and Wood 1936). 

The above procedure gave no information on the changes associated 
with the elastic stram, since this effect vanishes as the applied stress is 
removed. The present research, however, represents a fresh step in which 
this drawback is overcome by the use of an experimental arrangement in 
which X-ray examination can be made whilst a specimen is under load and 
the behaviour under X-rays compared with simultaneous mechanical 
measurements of the apphed stress and the elastic strain. At the same time, 
it was realized that, whilst the relation between X-ray structure and 
elastic strain was the main consideration of the work, the i>ioture would 
not be complete unless the accompanying effects of ])ermanent deformation 
were also taken into account, since the two types of strain are not entirely 
unconnected. Thus, as the permanent strain imposed on a metal is increased, 
then, in general, the possible range of elastic strain is also mcreased. Some 
relation is therefore probable between the structural changes underlying 
elastic properties and the process of breakdown and crystallite formation 
associated with permanent strain. Both aspects of deformation were 
consequently studied at the same time by the X-ray method. 


2 . SOOFB OF TB8T3 

The straining apparatus was designed to apply direct tension to flat 
tensile specimens of the shape and dimensions shown in figure 1. 

The X-ray tests are described most conveniently by reference to the 
imaginary load-extension diagram depicted in figure 2. 

The tests were of two types 

(i) X-ray examination was made at regular intervals of stress as a 
specimen was loaded progressively from the initial state to fracture. Thus, 
with reference to figure 2, the specimen was examined at the points 
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Ai, ( 7 „ Z>4, lying on the load-extension curve. The specimen was 
therefore under load throughout the run of a test, and the two processes 
of elastic strain and permanent strain were taking place simultaneously. 




(li) X-ray examinations were also made as a specimen was taken through 
a series uf cycles of loadmg and unloading, the range of each cycle being 
increased in regular steps until fracture. The pomts of examination are 
perhaps made clearer by reference to figure 2. Thus a specimen was loaded 
to the stress corresponding to on the load-extension diagram and there 
photographed The specimen was then unloaded, the load-extension curve 
following the approximately straight line A^A^ as elastic contraction 
occurred, and a further photograph obtained. The specimen was next 
loaded to jB, along the path which, to a first approximation, is represented 
by AoAiBf, and photographs were obtained at B, and, during subsequent 
unloading, at B^ and The process was then repeated and photographs 
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secured at 0 ,, C^, and C^, and so on. The specimen is thus taken succes¬ 
sively through the cycles A^A^Ai, in each of which, 

except possibly for second-order effects, elastic changes only are taking 
place, although the degree of superimposed permanent strain, represented 
by the distances of A^^, Bg, C^, ... from the origin, has a different value for 
each of the cycles. The point of these experiments was therefore that a 
comparison of the X-ray photographs obtained in a given cycle would 
indicate the changes in structure associated with elastic strain alone, whilst 
comparison of the behaviour in different cycles would reveal any additional 
effects due to differences in degree of superimposed permanent strain 
Confirmatory tests were made on a number of specimens, and, m addition, 
a particular cycle such as was examined in detail by taking photo¬ 

graphs both when ascending and descending, m order to find whether 
differences in structure occurred at corresponding loads in the two halves 
of the cycle. 

During each cycle extensomoter measurements were taken of the 
external elastic change in length, measured over a gauge length of 2 in. 
on the parallel test portion of the specimen. These measurements were thus 
directly comparable with the X-ray observations. 

3. Expebimkntal 

The material used for the present experiments was copper of specially 
high purity, which wew selected as representative of a ductile metal of the 
face-centred cubic type. Each s^iecimen received a preliminary annealing 
in vacuo to remove the effects of machining and to bring the grains into 
a work-free condition. This was shown by the nature of the initial X-ray 
photographs, which then exhibited distinct sharp refloxion spots arismg 
firom individual grains. This initial condition has been made a special 
feature of the X-ray work; it ensures that subsequent observations are 
not confused by preliminary residual distortions of structure, and also it 
allows of an X-ray technique whereby the behaviour of the same recogniz¬ 
able group of grains can be followed through important stages of a teat. 

The load-extension diagram obtained separately on standard tensile 
test pieces of circular section is shown in figure 3 (o). The yield occurred at 
2 -2*6 tons/sq. in. and fracture at about 16 tons/sq. in. nominal stress. 
The value of Young’s modulus was 6*0 x 10* tons/sq. in., and Poisson’s 
ratio, specially measured, was found to be 0 * 3 . 

The tensile-straining apparatus consisted essentially of a miniature 
testing machine by means of which known loads could be applied to the 
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apeoimen. Briefly, the load was applied by weighta on a aoale pan attached 
to a piaton floating in a cylinder of oil, and the preaaure tranamitted by 
way of a flexible pipe to a second part of the apparatus where the pressure 
forced upwards a piston to which the free end of the specimen was linked. 
This part of the apparatus which carried the specimen was compactly 
designed and was rigidly mounted on an X-ray back-reflexion spectrometer 
developed for these researches. The surface of the specimen under examina¬ 
tion could be brought into line with the axis of the spectrometer, and, owing 
to the flexible nature of the transmission pipe, the specimen could bo 



FiouBE 3. Load-extension diagram of copper, (a) Complete curve. (6) Initial portion 
of curve to larger scale. Cross-section^ area 0-0195 sq. m., gauge length 1-0 in. 

photographed when oscillating about the spectrometer axis as well as 
when stationary. A further feature of the apparatus was that the mount 
carrying the specimen could be adjusted so that, as the specimen extended 
on loading, the incident X-ray beam coidd be directed always on to the 
same point of the specimen, a feature to which particular importance is 
attached since it ensures, for instance, that any changes observed will not 
be caused by local differences in the behaviour of grains situated at 
different places in the specimen. Finally, a sensitive mirror extensometer 
was attached to the specimen and arranged so that the changes in its 
elastic strain during the cycles of loading and unloading could be read off 
from the deflexion of a spot of light on a scale. 




X-ray structure and elastic strains in copper 


The X-ray baok-reflexion photograpbio method was used because the 
recorded dif&aotion rings, being formed by deviation through very large 
angles, are highly sensitive both to lattice changes and also to the dispersal 
of the grains into variously oriented crystallites, whilst at the same time 
least sensitive to possible experimental variations in the distance between 
specimen and film. 

Cobalt radiation was employed for the incident beam, and the back 
lefiexions were recorded as complete rings symmetrical about the direct 
beam. These rings were the a^ct^ doublet from the ( 400 ) planes and the 
/? ring from the ( 331 ) planes. The time of exposure was of the order of 
3-6 min 

A point to note is that the selective action of any X-ray method based 
on the photography of an aggregate assumes special importance in an 
investigation of the present tjrpe, since each diffraction ring is formed by 
a different set of grains. In the usual application to analysis of atomic 
structure, this point has no particular significance, as it is known that the 
atomic arrangement is the same in each grain, in the present work, how¬ 
ever, the behaviour of a grain imder stress is likely to vary according to 
its orientation, because of the anisotropic nature of the atomic structure. 
It is therefore necessary to note the crystallographic orientation of the 
grains which take part in the formation of the particular diffraction rings 
under observation. The incident beam is perpendicular to the surface of 
the fiat tensile specimen in its stationary position, and the effective ( 400 ) 
planes are those for which the Bragg reflexion angle is 0 = 81 - 7 °, that is, 
the grains concerned are those in which a cube face makes an angle of 

- 0 =3 8 * 3 ® with the surface of the specimen, or, to a first approximation, 
those in which the cube face lies parallel to the surface. Similarly the 
( 331 ) rii^ refers to those grains in which the ( 331 ) planes make an angle 
of 12 - 4 ° with the surface of the specimen. The X-ray method is thus of 
interest because even in a random aggregate it permits examination of 
grains of selected orientation; by tilting the specimen at various angles 
to the beam, the behaviour of grains lying at any orientation to the applied 
stress could be explored. It is hoped to extend the work along these lines 
when experimental arrangements of the required precision are developed; 
the present results however refer to the grains oriented in the manner 
described above. 


4. Bksitlts 

In the first tests under continued loading. X-ray examination was made 
at intervals of 0-6, 1, 1-6, 2, ... tons/sq. in. (on the lines dmcribed in § 2), 
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the gpeoimen being held at each gtreas for about 6 min. whilat the X-ray 
photograph waa obtained. Ag the fracture gtage wag approached, thig 
time interval was extended until the creep wag negligible during the 
period of exposiiie. The observations showed two types of structural 
change; hrst, the large-scale modifications in structure as the grains were 
broken down into the complex of fragments and crystallites, and, second, 
a superimposed and progressive contraction of the ( 400 ) and ( 331 ) lattice 
spacings, which indicated a quite distinct fine-scale effect associated with 
the dimensions of the atomic lattice. It was, of course, to be expected that 
if lattice changes occurred they would be in the direction of contraction, 
since, as pointed out in the preceding section, the effective grains are 
those in which the ( 400 ) and ( 331 ) planes are inclined at small angles to 
the surface of the specimen, so that the measured spacing of each family 
of planes is roughly perpendicular to the direction of the applied tension, 
it was rather surprising, however, to find that the observed contraction 
should be the same for all such grams, independently of the way the cube 
face lay in the surface of the sjieoimen, this was shown by the fact that the 
diffraction rings remained completely circular throughout, the contraction 
due to change in the lattice spacing being the same along each radius. 

In the second class of tests, as described in § 2, the cycles employed were 
respectively 2 to 0, 4 to 0, 6 to 0, ... tons/sq. in. The comparison of the 
X-ray photographs obtained in each cycle showed only the lattice effect; 
the lattice contracted under load, and at once recovered upon removal of 
the load by an amount proportional to the change in elastic strain. Since 
in these experiments the diffraction ring is not affected by further plastic 
deformation in each cycle, the changes in diameter due to the lattice 
variations could be obtained with greater accuracy than in the preceding 
tests. It was found that there was marked difference in the behaviour of 
the ( 400 ) and ( 331 ) planes. 

It follows that (a) the process of plastic deformation is concerned pri¬ 
marily only with the irreversible transition of the grains into the crystallite 
formation, whilst (6) elastic strain is associated with the reversible expan¬ 
sion and contraction of the atomic lattice in the fragments and crystallites 
constituting this formation. It is therefore convenient first to consider 
the two processes (a) and (6) separately, and then finally (c), the relation 
between them. 


(o) TAs permanent changes 

The changes associated with plastic deformation may be dismissed fairly 
briefiy since they are essentially similar under load to those described for 
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other metals in previous papers (loc. cU.)^ where the earlier procedure was 
adopted of making X-ray tests only after applied stresses had been 
removed. For the purpose of discussion of the further results it is, however, 
desired to draw attention to three distinct phases exhibited by the crystal¬ 
lite formation. These are the following: 

(i) The initial phase, extending up to the yield-point, where the original 
grains preserve their structure as a whole, the X-rays indicating no 
appreciable differences in orientation of the component parts of eatch 
The X-ray photograph of this phase is characteristic; the grains give 
sepMated reflexion spots, which exhibit no tendency to spread along the 
circumference of the diffraction rings, as they would if the crystallographic 
orientation within each grain were not uniform A typical photograph is 
reproduced in figure 4 (plate 10 ); the slight radial spread of the spots is 
due to the oscillation of the specimen through ± 5 ° about the spectro¬ 
meter axis, when the grains reflect over a small angular range during the 
oscillation at the large diffraction angles mvolved. 

(ii) The plastic pftase, which sets in as soon as the elastic range is passed 
and the transition to which marks the yield-point. Here the grains form 
a heterogeneous mixture of fragments and crystallites with orientations 
considerably different from the parent grains. The X-ray photograph is 
again characteristic, there is a spread of reflexions along the circumference 
of the diffraction ring producing a ring which becomes continuous but is 
of irregular intensity distribution. The type is shown by figures 6-10 (plates 
10 - 13 ). 

(iii) The fracture phase, into which the preceding structure passes as the 
plastic deformation increases and the specimen begins to neck. A random 
distribution of crystallites then preponderates in the structure and the 
lower limiting size of these units is approached, a value which for copper 
18 about 0-7 X 10 -® cm. {Joe. ctt.). The effect on the X-ray photograph is 
to produce a continuous and uniform distribution of intensity round the 
diffriMtion rings and, since the lower limiting ciystallite size is too small 
for perfeot resolution (Scherrer effeet), the rings become diffuse, the ( 400 ) 
doublet broadening into a single halo. The resulting type of photograph 
is shown in figure 11 (plate 13 ). 

In each of these phases, therefore, there is no difference as the specimen 
is unloaded, despite the lattice change which causes the diffraction ring 
to expand as a whole. This point is of special interest m the fracture phase 
when the ring is very diffuse; the fact that the ring contracts or expands 
bodily without effect on the degree of diffusion, although the internal 
lattice strain is vaiying considerably, confirms the view that this present 
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line-bioMtoniiig is due to the Soherrer efifoot and not to nregolatitiee in 
apadngB arising from some other form of internal strain. 

(6) Tht elastic changes 

The elastic changes are first illustrated by typical X-ray photographs 
to show the order of the effect to be measured, and the quantitative results 
then summarized. 

(i) For convenience of illustration the photograph of the diffraction ring 
obtained under a given load has been out along a diameter and matched 
against the corresponding half of the photograph obtained after removal 
of the load. One side of the ( 400 ) rings is made to coincide and the dis¬ 
placement at the other aide gives the change in diameter. Since the 
external elastic strain of the specimen as a whole is small compared with 
the area illuminated by the X-ray beam, the same grains or particles are 
refieoting throughout a cycle; the rings, therefore, preserve the same 
appearance through each cycle. This permits accurate determination of 
the changes in diameter in the i ni tial and plastic phases, where the in¬ 
tensity is irregularly distributed round the rings, and also in the fracture 
phase where the rings are diffuse since measurements can always be made 
on the same selected diameter in each photograph. The photographs ate 
reproduced in figures 6-11. They 8ufB.ce to show that the changes are of an 
easily measurable order under the experimental conditions employed. 

Tablb 1. ErvKOT or stbbss on diambtbb of (400) diffbaotion bino 


Cycle .— 

(ton/sq. in.) 0 
2 to 0 S9-8 

4 to 0 89-8 

0 to 0 89-8 

8 to 0 80-8 

10 to 0 89-7 

12 to 0 89-7 

14 to 0 89-7 


Diameter of (400) ring in mm. at following Change m 

Btreaaes (ton/w}. in.) diameter per 

--- ton/aq. in. 

2 4 6 8 10 12 14 nun. 


9S 39-8 390 

80-2 380 

0-6 39-2 38-9 


•0 88-7 

■9 38 6 38-3 

38-6 


(ii) The quantitative results obtained on a typical specimen taken 
through stress cycles of increasing range are shown in table 1. Measure¬ 
ments on other specimens wOre the same within experimental error. This 
table gives the observed diameter of the ( 400 ) ring for various loads within 
each cycle, and indicates that to a first approximation the change in 
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(«) IniultHl 


(6) unl(>(idi.-(l 


Figobr 6 6 toiw/sq. m. 


(a) lomli'tl 


(It) unloodL-d 



Fioube 7. 8 tons/aq in 

Tho top liftif (a) of uach photograph refors to tliu loodtal, and the bottom half ( 6 ) to 
tho unloaded oondilion. Kacli jiair is so inounlod as to bung the loft sides of 
tlie inner (400) doublet ring into coineidenco; the displaeomont of tho other 
side shows tho change m diameter produced by unloading. 
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Fit-unK 8 10 ton.s/m|. m. 


(h) 


Fuutrk 9 12 taiiK/«q m. 

Figimia 8 iiml 9 ilhistrivto meniiiwHl cluukKii in t!i«vnu>U‘r of (400) iiiig on 
unloniJitiK from IiikIkt slri'sars 
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(a) lotulttl 


(b) iinlon<lc(l 


Fiudrk 10. 14 ton»/sq in 


(n) loarli-ii 


[b) iiiiloiiilcd 


Fioi'ith 11 Frni-liiii> plinso. 

Fignnw 10 and 11 illiistiati* IuiIIkt uniil i iiction nf (4(K)) dianu'ti'r with Htiwin 
Figum 11, Hocim'd just iK-forti fioctiiii- (<• Ifi foiiM/sq. in ) sluiws also ihfTiist 
rinus charaftonstif of fraction nliiLsii under static stross 
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diameter bears the same proportional relation to the applied stress in 
each oyde, and is therefore independent of the effects of the superimposed 
permanent strain which is different for the various cycles. 

The lattice spacing of the (400) planes was calculated in the usual way 
for a series of assumed diameters of the diffraction ring and was found to 
be directly proportional to the diameter over the range of variation. The 
change in spacing which corresponded to a change in ring diameter of 
1 mm. was then obtained from the same calculations. The measurements 
in table 1 may be summarized by the contraction in diameter per umt 
increase in stiess, and this quantity, since the relation between ring 
diameter and spacing was known, was then expressed directly as the 
percentage contraction in (400) lattice spacing per unit stress (ton/sq. in.) 
tension along the axis of the specimen. As indicated above, this contraction 
is in the direction making an angle of 8-3° with the normal to the applied 
stress. Since this angle is small, it is reasonable to obtain the value of the 
contraction in the direction actually perpendicular to the applied tension 
by dividing the observed value by cos 8*3°. The results are summarized 
below together with the corresponding values obtained in the same way 
from measurements on the (331) pianos. Also the elastic changes in external 
dimensions as given by the extensometer measurements are included for 
purpose of comparison. 

(a) LcUtice apacings of (400) and (331) planes 

(400) 

(1) Spaaing change ooireeponding to 1 mm. change m dia¬ 

meter of dif&aotion ring (cahbration constant) (A) 0 00045 

(2) Diameter change produced per umt stress (ton/sq. m.) 

applied along speounen axis (mm.) 0'14 

(3) Spacing change per imit stress (from 1 and 2 ) m di¬ 

rections 81-7 and VT-e” respectively with apphed 
stress (%) - 0-0060 

(4) Spacing change per umt stress m direction perpen¬ 

dicular to apphed stress (%) —0 0070 

(6) External extension and contraction of specimen 
( 6 ) Extension in direction of applied stress per umt stress 

(ton/sq. m.) (%) 0-016 

( 6 ) Contraction pOTpendioular to apphed stress per umt 

stress (%) -0-0046 

The contraction in (6) was obtained from (5) by application of the mea¬ 
sured value of Poisson’s ratio of 0-3. The lattice oontracrions given in (4) 


(331) 

0-0006B 

0-04 

-0 0027 
-0-0028 


Vol. 176 . A. 
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are thus fundamental physical constants expressing in terms of intemid 
atomic displacements the externally measured contractions in the same 
direction. It will be noted that whilst the observed external contraction 
of 0-0045 % must result from the value of the lattice contractions averaged 
out over the various grains in the cross-section of the specimen, the 
individual percents^ contractions for differently oriented grains may vary 
greatly, thus the (400) contracts by 0-0070 %, whilst the (331) spaoings 
contract only by 0-0028 %. The percentage contraction of these spaoings, 
both of which refer to the same direction, namely, that perpendicular to 
the applied stress, therefore differs by as much as 2-6 to 1 under the same 
change of stress. It may be indicated that, apart fixim the calculations of 
the final values, this difference was evident from direct inspection of the 
X-ray photographs. The wnsitivity of the (400) and (331) rings to a given 
percentage change in spacing is not very different, namely, as 66 to 45, 
but the photographs showed at once that the (400) ring was roughly three 
times as sensitive as the (331) to the same applied stress. This point is 
mentioned because some importance is attached to the extent of the differ¬ 
ence in connexion with its possible bearing on the changes produced by 
permanent deformation. It will be noted also that the total contraction 
over a particular grain is proportional to the appropriate percentage lattice 
contraction multiplied by the width of the grain so that, since the grains 
may vary appreciably in size, the actual difference in contraction of con¬ 
tiguous grains of different orientation may in some instances be consider¬ 
ably greater than the differences indicated by the figures for the percentage 
lattice contraction. The observations thus raise mteresting issues con¬ 
cerning the behaviour of the structure at the boundaries of such grains, 
a point discussed below. 

(c) Th« combination of the two types of observaiiona, the effects of 
permanent and of elastic strain, yields a more complete picture of the 
responso of the crystalline structure of a metal to static stress. The main 
feature of the ^lennanent strain is the striking dispersal of the grains into 
the crystallite formation, and it is reasonable to conclude that there is a 
connexion between this instability of the structure of the grains and the 
effects of the elastic strains. Thus, up to the yield-point, in the state 
described as the initial phase, the original grains are observed to remain 
individually stable in that they exhibit no appreciable amount of the 
breakdown; but at the yield-point an instability sets in, and differently 
oriented components are extensively formed. The instability at the yield 
must presumably arise either because the degree of the elastic strain in 
the individual grains has reached a critical vedue, or as a consequence of 
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the interference between the different amounts of elastic strain exhibited 
by neighbouring grains of different orientations in the manner indicated 
above. It is suggested that the effective factor is the second, and that 
the form taken by the observed instability, namely, the dispersal of the 
grains into differently oriented components, is the mechanism by which 
potential local discontinuities in strain between such neighbouring grains 
are smoothed out by transition through the appropriate newly formed 
orientations. This view is supported by the further observation that the 
new structure is then stable over an increased range of lattice strain; the 
atomic lattice of the various fragments or crystallites can therefore take 
up a greater variation than the change produced by the yield stress, when 
other conditions are favourable, without disturbing the overall stability 
of these components. Similarly, as deformation is continued, a further 
increase of stress causes more fragmentation and variations in orientation, 
whilst at each state a correspondingly greater range of elastic lattice strain 
is then permissible without producing instability in the new units thus 
formed. When, however, the fracture phase is approached, a fresh factor is 
mtroduced, since the X-ray observations show that the lower limiting size 
of the crystallites is reached so that the process of accommodation to 
increasing stress by continued breakdown must liocorae more difficult and 
a more cntical condition must ensue. 

It is of interest to note the value of the lattice strain at the 3 rield and at 
fracture. For the (400) planes, or the edge of the unit cubic cell, the lattice 
change as measured becomes 0*014 % for a specimen which yields at 
2 tons/sq. m. and as much as O’ll % for the breaking stress of 16-16 
tons/sq. in The corresponding values for the (331) planes are respectively 
0-006 and 0-04 %. 


6. Discussion 

It is of interest to distinguish between the elastic lattice strain in¬ 
vestigated in this paper and the lattice distortion studied m recent work 
on the more severe deformation of a metal by cold-work (Wood 1939 ). 
The present results show that over the whole range represented by the 
load-extension diagram it is possible in copper to impose on the atoms 
a reversible displacement from their normal positions which leaves no 
measurable distortion in the lattice; this is shown by the fact that in the 
stress cycles employed a reversible change of diameter took place without 
any accompanying change in diffusion of the X-ray reflexions in any of 
the three phases, initial, plastic or fracture. On the other hand it was 
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shown, in the work referred to, that a change in diameter of the diffraction 
rings could also be produced which, however, persisted after the process 
of cold-working; in this instance, moreover, the change was accompanied 
by a marked abnormaJ diffusion of the rings, and when the ring diameter 
was reduced to its normal value by further treatment of a specimen then 
the additional diffusion was also removed. This lattice strain, on account 
of the extra diffusion, was shown to be a permanent strain associated with 
distortion of the lattice. The comparison between the two types of results 
shows that it is possible in this way to distinguish between a purely elastic 
lattice strain and this permanent lattice distortion. The distinction becomes 
necessary when attempts are made to estimate the equivalent stresses in 
a metal from X-ray measurements of the amount of lattice strain, a point 
which arises in connexion with the problem of internal strains. It is 
known that as a result of certain treatments a metal may be left in an 
unstable condition, recovery from which may lead in the course of time 
to changes of shape or in extreme cases to fracture. The metal is said to be 
in a state of internal strain, and attempts have been made to estimate the 
equivalent stresses from X-ray measurements of the permanent lattice 
changes combined with use of the elastic moduli. It is, however, clearly 
essential that the nature of the lattice strain should be known, since it is 
only in the case of the elastic strain, together with data on the lines 
obtained in the present experiments, that the method would be justifiable. 
The internal strain of the lattice distortion type, which is more likely to be 
involved in internal strains, would entail a more detailed knowledge than 
is at present available both of the distortion itself and of the interatomic 
forces in the lattice. 

One of the puzzling features of the X-ray structure of a ductile poly- 
crystalline metal after deformation has been the extent of the breakdown 
of the grams mto the independently reflecting units of widely varying 
orientations. The effect is much more marked than in the early stages of 
deformation of a laige single crystal. It has already been suggested that 
the process is a gram-boundary effect in that the breakdown arises from 
the necessity of preserving continuity of structure across the boundaries 
of grains oriented in such a way that the rate of strain is different on each 
side of the boundary. The firagmented structure is then stable, apart from 
possible second order changes in the X-ray structure, for ranges of stress 
up to a limit depending on the extent of the fragmentation That such 
second-order changes are, however, often present is probable, for it is 
unlikely, if an applied stress cycle were sufficiently large or if it approached 
the limit for a given crystallite formation, that the adjustment of orienta- 
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tions would be perfect enough on the first cycle to compensate completely 
for the variation in elastic strain; the adjustments might also be exx>ected 
to vary slightly during subsequent repetition of the cycles as well as with 
the speed of application of the cycle. The point is mentioned because it 
would account, at least in part, for the departure from a strictly linear 
stress/strain relationship which is in practice often observed during applica¬ 
tion of a stress cycle, and for subsequent variations in width of the hysteresis 
loop thus formed, which may also be observed on repeated application of 
a cyclic stress. The sensitivity of the X-ray method to detect minor 
changes in the stability of the structuro depends largely on the nature of 
the X-ray photograph The conditions are most favourable when the 
difiraction ring consists imtially of sharp spots, as used in the recent work 
on fatigue stressing when it was in fact found that slight but continued 
changes could alwa 3 rs be detected when the applied stress cycle exceeded 
the fatigue limit for the material. The present results now suggest an 
explanation of the changes found in that work. 

In conclusion, the authors wish to express their thanks to Dr G. W. C. 
Kaye, F R.S., for his continued interest in the work. 


Rkfebbkces 

Gough, H. J. and Wood, W. A. 1936 Proc Hoy. Hoc. A, 154, 510. 
Wood, W. A. 1939 Proc. Roy. Soe. A, 172, 2.31. 

— 1940 Pror Phys tioe 52, 110. 

Wood, W. A. and Thorpe. P. L. 1940 Proc Hoy. Soc. A, 174, 310. 



The influence of the solvent on the formation of 
micelles in colloidal electrolytes 
I. Electrical conductivities of sodium dodecyl sulphate 
in ethyl alcohol-water mixtures 

By a. F H. Ward 

College of Technology, University of Manchester 
{Communicated by E. K. Rideal, F.R S.—Received 10 July 1940) 

In veiy dilute solutiona m water sodium dodeoyl sulphate behaves as a 
completely dissociated electrolyte. Above a concentration e = 0 00722 k 
the equivalent conductance (A) falls sliarply and micelles are formed. To 
throw light on the meohantam of mioollo formation, the variation of A with c 
has been measured m a series of mixtures of water and ethyl alcohol. The 
curves for A against ,Jc show a gradual transition from the type associated 
with micelle formation to a uniform curve charaotenstio of strong electro¬ 
lytes. 

Addition of alcohol decreases the tendency to form micelles. When there 
IS 40% or more by weight of alcohol, micelles are no longer formed. The 
ontic^ concentration first falls on addition of alcohol and then nsos agam. 

The effects of alcohol addition can bo interpreted satisfactorily by considering 
the radius of the micelle to be eiiual to the length of the paraffin chain and 
thus to bo independent of the concentration and nature of the solvent. 

The energy changos involved mmicolle formation are calculated. Aggrega¬ 
tion con occur if the mterfacial energy available from the destruction of the 
paraffin-solvent mtorfoces of tlie ions is greater than the work to be done 
against electnoai repulsion The mterfaoial energy is no longer the greater 
beyond 40% of alcohol. It is sliown that alcohol molecules aro not in 
solution in the paraffin mtenor of the micelles m the mixed solvents, but are 
strongly adsorbed on the micelle surfaces. 

The influence of regions of lowered dielectric constant around tho micelles 
is considered. This is more unportant at high concentrations. The final fall 
m A with highly supersaturated solutions is attributed to the increased 
viscosity of the solution. 

An aqueous solution of a salt, one ion of which contains a long paraffin 
chain, shows a normal electrical conductivity at low concentrations. That 
is, the equivalent conductance, when plotted against the square root of 
tho concentration, gives a straight line, in agreement with tho Onsagor 
equation. Above a criticid concentration, there is a sharp fall in the con¬ 
ductance. This is interpreted as being caused by micelle formation 
(Moilliet, C!ollie, Robmson and Hartley 1935 ). MoBain ( 1913 ) originally 
postulated the formation of micelles to explain the rise in conductance of 
[ 412 ] 
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soap solutions at higher concentrations, since in such an aggregate of 
ions the increased charge carried would more than counterbalance the 
increased viscous resistance to motion. If micelle formation is to explam 
a fall in conductance, the smaller ions of opposite charge (gegenions) must 
be assumed to be carried with the micelle in close association (Hartley 
1935), reducing its effective charge and decreasing the number of free 
gegenions. In agreement with this, several independent methods show 
without doubt that micelles are present above the ontical concentration. 
Measurements of the conductances of several colloidal electrolytes with 
high-frequency current (Schmid and Larsen 1938) show that highly charged 
ions are present above the critical concentrations. Similarly, tho size of 
the particles calculated fixjm diffusion coefficients (Hartley and Bunnicles 
1938), and the solubility of organic solvents m the interior of the micelles 
(Hartley 1938) show, in the case of cetyl pyridinium salts, that micelles 
are present above tho critical concentration. The value of tho critical 
concentration for micelle formation depends on several factors. It is 
decreased by an increase m the length of the paraffin chain, by a fall in the 
temperature or by added electrolytes. It may also be altered m the presence 
of organic substances dissrdvei,! m the water. 

The object of the present investigation was to examine in detail the 
mechanism by which the solvent influences micelle formation. The gradual 
alteration in behaviour was observed on passing from aqueous solutions 
in which micelles are formed to alcoholic solutions where there are no 
micelles The formation of micelles was examined by measuring the 
equivalent conductance of the solutions Sodium dodecyl sulphate was 
chosen as the solute. The absence of hydrolysis with this salt makes 
possible accurate measurement even in great dilution. Conductance 
measurements in aqueous solutions have been made by Lottermoser and 
Puschel (1933) and by Howell and Robinson (1936). The present author 
has already measured conductances in mixtures of water and ethyl 
alcohol with very low concentrations of the salt (Ward 1939). These 
measurements are now extended to the highest attainable concentrations, 
in some oases supersaturated solutions. The maximum concentration 
refiched with tho aqueous solutions was fifteen times that of a saturated 
solution. 

ExPKIUMBKTAn 

Apparatus 

The electrical circuit was the same as that previously used by the 
author. Alternating current with a frequency of 2000 cycles was given by 
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a valve oscillator. A Tinsley non-inductive resistance box and Tinsley 
ratio arms formed the bridge, and similar ratio arms were used for the 
Wagner earth. A variable condenser in parallel with the resistanoe box 
allowed complete silence to be obtained at the null point. This was deter¬ 
mined with a valve amplifier and telephones. 

Three quartz cells with lightly platinized electrodes were used. The cell 
constants were measured with several solutions of Kahlbaum’s potassium 
chloride. The specific conductances of these were of the same order as 
those of the solutions for which the cells were to be used. The values of the 
constants were 0-7403, 0-02912 and 0-013S5. A sufficient volume of solution 
was always used in the cell so that the cell constant no longer varied with 
the volume. 

Materiala 

The sodium dodocyl sulphate was prepared by the action of ohloro- 
Bulphonic acid on dodecyl alcohol and the neutralization of the resulting 
acid with caustic soda. The salt was purified by crystallizing from water 
(twice) and from alcohol (five times), and by extracting with petroleum 
ether for 6 hr. The temperature was alwa 3 r 8 kept below 60° C to avoid 
decomposition. An analysis gave Na 7-673%, hydrolysable 8 O 3 27 - 64 % 
(theoretical values 7-979 and 27-77 %). 

Conductivity water of specific conductance about 0-5 x 10“* reciprocal 
ohm was obtained by fractional condensation in a silver condenser. It was 
stored in silica vessels. Absolute aleohol was purified by distillation from 
lime. The middle fraction was collected. A little of this was refiuxed with 
calcium shavings for 1 day, and to the resulting gel of calcium ethoxide 
the rest of the alcohol was rulded. This was refluxed for another day and 
then the alcohol was distilled into a silica bottle. This specimen was 
extremely pure and had a speotfio conductance of only 0-06 x 10 “* re¬ 
ciprocal ohm. 

The alcohol-water mixtures were made by diluting redistilled rectified 
spirits with conductivity water. The specific gravities were measured and 
the compositions found from tables. Table 1 gives the values of the 
percentage of ethyl alcohol by weight and the eorresponding spedfic 
oonductances. 

These mixtures will be referred to by the nearest whole number in the 
percentage of alcohol. 

Procedurt 

To measure the specific conductances of the more coneentrated solutions 
in the small cell, the salt and the solvent were weighed directly in the cell. 
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The solution was diluted either by simply adding more solvent or by first 
withdrawing solution and then adding solvent by the Ostwald-Arrhenius 
method. All withdrawals or additions were determined by weighing. For 
the mote dilute solutions in the larger oells the pure solvent was first 
weighed in the cell and its oonduotanoe measured. Then known weights 
of a solution of suitable concentration wore added from a weight pipette 
of borosilicate glass. This method, due originally to Whetham (1900), 
gives the concentration and the solvent correction more definitely than 
does the dilution method. For solutions in absolute alcohol, the solubility 
was too small to allow the concentration to be increased by adding a more 
concentrated solution from the weight pipette. Consequently, suitable 


additions of the solid were added to the solution h 

a the cell. 


Table 1 


Alcohol % 

Speciflo 

Alcohol % 

Specific 

by weight 

oonduotance 

by weight 

conduotanoe 

9-91 

0 33 X 10'* mho 

69 37 

0*llxl0-«mhi 

20 02 

0 21 

09*23 

0*12 

29 78 

016 

8016 

0*12 

39 60 

012 

93*04 

0*10 

49 94 

0 12 




All measurements were made at 20 ± 0 * 01 °. 

The concentrations were known originally in weight normalities. Since 
comparisons must be made between solutions in solvents of different 
densities it is necessary to convert the concentrations to volume normalities. 
Below concentrations of about 0-01 N the density of the solution can be 
taken as being the same as that of the solvent, with a maximum error of 
2 parts per 1000. But for the more concentrated solutions examined here, 
the densities differ appreciably from those of the pure solvents and must 
be known. Density measurements were therefore made with solutions in 
each of the solvents, over the whole concentration ranges mvestigated. 
These will be the subject of a later paper, but the values obtained are used 
here in the calcrilation of equivalent conductances. 

RKSUIiTS AND DISCUSSION 

In table 2 the values of the equivalent conductance (A) at 20° are given 
for various values of (c =3 ooncentration in g.-equivalents per litre). The 
values for very low concentrations (from 0*0001 to about 0*01 n) have 
already been published (Ward 1939) and are not included. In order to 
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Tabu: 2 

9-01 % alcohol 20-02 % alcohol 

29-78% alcohol 

vfe 

A 

vfc 

A 

■vfc 

A 

> 

A 

(>■07403 

61-66 

0 07347 

46-12 

0 06202 

34-44 

0-08414 

27 36 

0 08143 

61-20 

0 07879 

44-58 

0-1050 

33-70 

0-1103 

27-11 

0 08836 

00-68 

0-08172 

43 74 

0 1234 

32 50 

0-1203 

26-97 

0-00363 

60-03 

0 00226 

41 10 

0-1464 

31-14 

0 1343 

26 66 

0 00666 

66 40 

0-1320 

34-41 

0-1663 

30 42 

0-1460 

26-40 

0-1228 

43 38 

0-1656 

30 67 

0-1676 

20 47 

0-1892 

26-33 

0-1808 

34 02 

0 2006 

28 30 

0 2188 

26 86 

0 2461 

24-13 

0-2041 

20 68 

0 2420 

26 65 

0-2436 

26 06 

0 3060 

23-14 

0-2332 

28-10 

0 3087 

26-36 

0 3106 

24 46 

0-3091 

21 92 

0-2784 

26-80 

0 3613 

26 06 

0-4166 

23-83 

0-4912 

21 21 

0 3180 

26 38 

0 4402 

25 44 

0 4776 

23-68 

0 6332 

20 08 

0 3687 

26 26 

0 4742 

26-74 

0 6020 

23 77 

0 0339 

20-63 

0-4224 

26 46 

O 6193 

26-11 

0 7632 

23 43 

0 7761 

19 54 

0 4777 

26 06 

0 6832 

26-73 

0 8068 

22 60 

0 8884 

18-76 

0 6468 

27 76 

0 6313 

27 20 

1 031 

21 17 

I 033 

17 30 

0-6146 

28 60 

0 7119 

27 70 





0 7083 

20 61 

0 7836 

27-76 





0 7771 

30 02 

0 8474 

37 58 





0-8612 

30 04 

0 9656 

26 38 





0 0330 

20 61 

MOH 

23 47 





0-0013 

28-62 







1 062 

27 10 







1-120 

26 23 







39-60% 

alcohol 

40 94% alcohol 

69 37% 

alr-oliol 

69 23% alcohol 


"a 


A 


A 

-sA- 

A 

0-1060 

23 87 

0 00668 

22 50 

0 1248 

21 17 

0 1286 

20 74 

0-1270 

23 62 

0 1226 

22 00 

0 1679 

20 46 

0-1622 

10 69 

0-1663 

23 12 

0-1633 

21 46 

0 1964 

19 66 

0 2003 

18-62 

0-1873 

22 60 

O 1806 

20 72 

O 2308 

18 90 

0 2363 

17 63 

0-2201 

22 10 

0 2206 

20 03 

0 2074 

17 66 

0 3064 

16-17 

0-2701 

21 60 

0 2728 

19 24 

O 3860 

10 27 

0-3788 

14 82 

0 3606 

20 46 

0 3251 

18 40 

0 6(H)9 

14 02 

0 6063 

12-70 

0-4S90 

10-20 

0 3806 

17 80 

O 6401 

12-76 

0 6628 

10 49 

0 6676 

18 36 

0 4124 

17 42 

0 8407 

10 63 



0 7302 

16 81 

0-4792 

16 00 





0-8900 

16 33 

0-5037 

16 30 





1 no 

12 84 

0-6966 

14-28 







0-8264 

12-93 







0-0464 

11 09 







1-044 

10 68 





80-16% 

alcohol 

93 04% alcohol 

Absolute alcohol 






A 


A 



0-1146 

21-18 

0-1266 

10 44 

0 1166 

17 38 



0-1432 

10 80 

0-1648 

17-18 

0-1320 

16-02 



0-1882 

18 10 

0 2131 

14 03 

0 1643 

14 52 



0-2380 

16 63 

0 2691 

13 37 

0 1770 

13 29 



0 3042 

14-06 

0-2073 

12-30 





0 3862 

13-17 







0 4682 

11-62 
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save space, many values, agreeing with those given in the table, are 
omitted. 

Values of A are plotted against ^Je in figure 1 . Many experimental points 
for low concentrations are omitted to avoid confusion. The curves are 
shown as broken lines where the solutions are supersaturated. 



^(oonoentration) 

Fiqubb 1. - - - ■ supersaturated solution. 


The curve for aqueous solutions can be divided into four regions. 
(1) an initial straight line, where the equivalent conductance falls in 
accordance with the Onsager equation (up to = 0 - 085 ); ( 2 ) a very rapid 
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foil, reaching a minimom at ^ » 0-36, (3) a more gradual rise, to a mazimam 
at » 0-84; followed by (4) another foil, increasing in slope with increasing 
concentration. 

When alcohol-water mixtures are used as solvents, lower values are 
obtained for the equivalent conductance. The values at infinite dilution 
(/Ig) first fall with increasing alcohol content (minimum at 60% of alcohol) 
and then rise again. This is because of the maximum in the visoosity- 
concentration curve for alcohol-water mixtures. As the alcohol content 
rises, there is also a decrease followed by an increase in the initial slope 
of the linear portion of the curve. This has been interpreted by the author 
in terms of the Onsager theory, applied to unassociated ions. 

What is more important in considering micelle formation is the altera¬ 
tion in the character of the curves. As alcohol is added, the rapid fall in A 
at the critical concentration bocomes progressively less marked. With 
30 % of alcohol the break in the curve is barely detectable and at 40 % of 
alcohol it no longer occurs. Simultaneously the maximum in the curve at 
higher salt concentrations becomes flatter when alcohol is added. With 
20 % of alcohol the minimum and maximum have very nearly disappeared, 
and with 30 % of alcohol there is merely a slight decrease followed by an 
increase in the slope of the curve. The curves from 40 % of alcohol onwards 
show no unusual features. After the initial Imear portions, the slopes 
steadily decrease with increasing salt concentration in the manner usual 
with concentrated salt solutions. 

Sharp fall in equivalent conductance 

According to Stokes’s law, one would expect micelle formation to cause 
a rise in the equivalent conductance Hartley ( 1935 ) explained how micelle 
formation could cause a fall in the equivalent conductance. The retardation 
of ions caused by the Coulomb forces (‘atmosphere’ effect) must increase 
with the charge. The mobilities will bo further decreased by the inclusion 
of gegemons with the micelle (‘inclusion’ effect), thus decreasing both the 
resultant charge on the micelle and also the number of free gegenions. 
These two secondary effects tending to diminish A will conceal the expected 
increase and actually cause a fall at the critical concentration. 

The manner in which these secondary effects are influenced by adding 
alcohol to the solvent can be considered. Addition of alcohol gives a 
gradual lowering of the dielectric constant and a relatively larger increase 
in the viscosity, up to about 40% of alcohol (see figure 2, curves 4 and 6 ). 
Onsager’s theory cannot be applied quantitatively to very highly charged 
ions, but it is easy to see from Onsi^r’s equation in which direction these 
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alterations in dieleotrio constant and viscosity affect the atmosphere 
effect. The decrease in dieleotrio constant causes an increase in the atmo¬ 
sphere effect. The increase in viscosity causes a much bigger decrease in 
the effect, both by its direct action and also indirectly by decreasing A^. 
On the whole, therefore, the diminution in A caused by the atmosphere 
effect should be smaller as alcohol is added to the solvent. 

The inclusion of gegenions on to the surface of a micelle vdll be affected 
chiefly by the dielectric constant. A fall in the dielectric constant, by the 
addition of alcohol, should cause the gegenions to be attracted more 
strongly to the micelle, thus giving a bigger decrease in A. (An increased 
tendency towards ion association is generally found when the dielectric 
constant is decreased.) 

Thus, the resultant alteration in A when micelles are formed at the 
critical concentration in alcohol mixtures will bo made up from a primary 
increase (Stokes effect) diminished by the atmosphere and inclusion 
effects. The atmosphere effect will be smaller than with water and the 
inclusion effect larger. Now it w found experimentally that from 40% of 
alcohol onwards there is no critical concentration, and the A-^Jc curves 
are smooth. This must mean that with each mixture containing more than 
40% of alcohol either there are no micelles formed or the increases and 
decreases in A caused by the above-mentioned effects exactly cancel each 
other. The latter explanation is so improbable that it can be said that the 
effect of increasing the alcohol content of the solvent mixture is that the 
fraction of ions which aggregate to micelles at the critical concentration 
is gradually decreased and falls to zero at about 40 % of alcohol. As the 
number of micelles is thus diminished, the magnitude of the various effects 
produced by micelles must simultaneously become smaller, giving a pro¬ 
gressively smaller drop in A at higher alcohol concentrations. 

Critical concentration 

At the critical concentration there is equilibrium between single ions 
and micelles. Grindley and Bury ( 1929 ) have shown by application of the 
law of mass action that an appreciable increase in the number of micelles 
may be expected over a small increase of total concentration. If the 
addition of alcohol to the solutions displaces the equilibrium in the 
direction of single ions, one might expect that the critical concentration 
would be higher. Table .3 gives the values obtained for the critical con¬ 
centration 

The expected increase in the critical concentration is found in the range 
from 10 to 30% of alcohol, but there is a fall in going from water to 10% 
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of alcohol. However, a closer analysis of the mechanism of micelle forma¬ 
tion explains this apparent anomaly. 

Tablb 3 

^ e 

0 086 0 00722 

0072 000618 

0-086 0-00722 

0-102 0-0104 

Micelle formation 

The aggregation of ions occurs because they expose less hydrocarbon 
surface to the water when they are grouped as micelles. A spherical micelle 
would not be expected to have a radius greater than the length of the 
paraffin chain, as otherwise some polar heads would be drawn into the 
non-polar interior. The arguments of Hartley and Runnides ( 1938 ) lead 
them to conclude that ‘there will be a fairly well-defined optimum size 
for the micelles almoet independent of conceniration, and that this size will 
correspond to a sphere of radius of the order of the length of a fully ex¬ 
tended chain’. Their experimental results from diffusion measurements 
agree with this conclusion. 

The length of the paraffin chain in sodium dodecyl sulphate is 16-2 A, 
and this cam therefore be taken as the radius of the micelle. It will have 
a surface of 2900 A* and a volume of 14,700 A’. The number of aggregating 
ions will be limited by the number of paraffin chains which can fit into 
this volume. The volume of one molecule of dodecane at 20 ° C is 366 A*, 
giving 40 ions jier micelle. It is possible to calculate the decrease in inter¬ 
facial energy when the aggregation occurs, using the method developed 
by Langmuir ( 1926 ). The interface between water and the paraffin chains 
of the ions will disappear, cmd when these chains are m contact in the 
micelle there will be no interfacial energy between them. The interfacial 
energy associated with the polar groups will not change, since these are 
surrounded by water both before and after micelle formation. 

The total surface eneigy between water and a hydrocarbon of high 
molecular weight is 60 ergs per cm.*. The area of the paraffin chain of a 
single ion (eussumed to be rolled up in the water approximately like a 
sphere) is 248 A*. The original interfacial energy per ion is therefore 
60 X 248 X 10 ““ = 146 X 10 ““ erg. The part of the surface of the micelle 
covered with polar groups can be taken as 826 A* (allowing 20-6 A* for 
each polar group), so that the micelle still exposes a hydrocarbon surface 
of 2900 — 826 = 2076 A* to the water. The total surface eneigy of this. 


Water 
10% alcohol 
20% alcohol 
30% alcohol 
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oaloulated per ion, is 30 x 10 ~^* erg. Tbe fall in total surface energy on 
micelle formation is therefore 146 x 10““—30 x 10-“-110 x 10-“ erg 
per ion This can be compared with the value of IrT = 4 x 10““ erg. 

If the interfacial energy were the only work involved in micelle forma¬ 
tion, the Boltzmann equation would give the ratio of the number of ions 
united in micelles to the number of free ions = 3-9 x 10^*B 

(where B is a constant involving the a prion probabilities of the two states). 
If this were so one might expect that even at great dilutions free ions would 
not exist. However, during micelle formation work must be done in over¬ 
coming the electrical repulsion between the ions. This cannot be calculated 
very definitely. The mclusion of ^genions, forming an electrical double 
layer round the micelle, would decrease the electrical work. The order of 
magnitude can be found by calculating the energy of charging of a sphere 
the size of the micelle with 40 electronic charges, neglecting the effect of 
the positive ions and asaiuning that the negative charges were originally 
separated infinitely. If the radius of the sphere of parafiin chains in the 
micelle is 16*2 A, it is reasonable to allow an extra 3 A for the polar groups, 
giving 18<2 A as the radius of the chaiged sphere. If the micelle is sur¬ 
rounded by water of dielectric constant 80 the calculated energy of charging 
is 31-6 X 10 “^* eig per ton. This is of the same order as the interfacial 
energy. It is impossible to say exactly how much the positive ions will 
cause this value for the electrical energy to bo diminished, without knowing 
the number and disposition of the included gegenions To take an extreme 
case, if a number of gegenions, equal to the number of negative ions, 
formed a layer at a distance 3 A farther from the centre than that of the 
negative ions, the electrical energy would be decreased to 4*6 x 10' erg 
per ion. 

There is another effect which probably causes a big tnerease in tbe 
electrical energy. The value of the dielectric constant used in the above 
calculations is that of water in bulk. Tbe value is smaller in the immediate 
neighbourhood of charged ions, owing to the orientation of solvent 
molecules (Williams 1931 ) This has been indicated from conductivities of 
sodium dodecyl sulphate at greater dilutions (Ward 1939 ). Sack ( 1927 ) 
has oaloulated the lowering of dielectric constant near a univalent ion in 
water, the value being very small within 3 or 4 A and gradually rising to 
80 at about 16 A from the ion. This ‘pocket’ of lower dielectric constant 
occupies a greater volume the higher the valency of the ion, the radius 
being multiplied by for a s-valent ion. The size of the ion, as distinct 
from its charge, has an inappreciable effect. On the assumption that this 
is still true for a micelle, with 40 charges, the region of lower dielectric 
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constant would extend to about 9S A &om the micelle. At the oritioal 
concentration in water the distance between ions of the same sign is 61 A. 
If all the negative ions were to be aggregated to micelles at this concentra¬ 
tion, their separation would be 209 A. Whether or not this estimate of the 
size of the region of lowered dielectric constant can be relied on accurately, 
it is clear that at, and above, the critical concentration it must be an 
appreciable fraction of the volume of the solvent near the micelles. Thus 
the true value of the electrical energy in micelle formation must be con¬ 
siderably greater than the approximate value estimated above, and may 
be nearer to the value of the mterfacial energy. 

It is probable that the values for mterfacial and electrical energy are 
not very different. Below the critical concentration the energy that would 
be obtained from the destruction of the paraffin-water interfaces is in¬ 
sufficient to overcome the electrical repulsions. Above the critical con¬ 
centration, the ions are not so distant from each other initially and less 
work has to be done against the electrical forces in forming micelles. The 
interfacial energy is now sufficient to do this. Supporting evidence for 
this view is given below in considering the effects of alcohol addition. It 
is known that the addition of even small concentrations of ions, particularly 
multivalent ions, to the solution has a considerable effect in promoting 
micelle formation (Powney and Addison 1937 ). 

Micelle fomuUum in presence of alcohol 
Since the size of the micelle is controlled fundamentally by the length 
of the paraffin chain it should be the same m water-alcohol mixtures as in 
water. However, as is shown below, the charge may be different. The mam 
difference in the micelle caused by the presence of alcohol in the solvent 
is that some alcohol molecules may bo included in the micelle. This could 
occur in two ways: ( 1 ) dissolved in the paraffin interior, ( 2 ) adsorbed 
along the paraffin-water interface of the micelle. 

No data appeared to be available on the solubility of alcohol in higher 
paraffins from alcohol-water mixtures. Experiments were therefore made 
by shaking medicinal paraffin (freed from polar impurities with Fuller’s 
earth) with two alcohol-water mixtures containing 10 and 30% of alcohol 
respectively. The alcohol which dissolved in the paraffin was extracted 
with water and estimated colorimetrically with concentrated sulphuric 
acid and potassium dichromate. Values for the partition coefficient from 
the two solutions -were in agreement. 

(Concentration o f al cohol in paraffin q.qq^ 

Ck>noontration of alcohol in water 
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(oonoentrations being expreased per unit volume) at 20 ° C. The amount of 
alcohol dissolved in a single mioelle from the 10 % alcohol mixture can be 
calculated from this to be 0-086 molecule. It is clear, therefore, that the 
solubility of alcohol in the interior of the micelles can be neglected. 

To find how much alcohol is adsorbed on the surface of the micelles, 
and to calculate the change in intorfacial energy on micelle formation, it 
is desirable to know how the mterfaoial tension between a hydrocarbon 



VioDau 2. Variation with poroontoge alcohol of mterfaoial energy (curve 2) and 
oloctnoal energy (curve 3) (scale on left), interfaoial tension (curve 1), dielectric 
constant (curve 4) and viscosity (curve 6) (scalos on right). 

surface and an alcohol-water mixture de{)onds on the iierccntoge of alcohol 
Since this information was not already available, the intorfacial tension 
was measured at 20° C by the method of Harkins and Brown ( 1919 ) 
between medicinal {laraffin and various alcohol-water mixtures. The results 
are shown in figure 2 ,' curve 1 . 

The interfaoial tension first falls sharply os oriented alcohol molecules 
are adsorbed in the interface. With high alcohol concentrations, the inter¬ 
faoial tension does not alter much since the interface is nearly packed with 
alcohol molecules. The fraction of the interface occupied by alcohol can 
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be ostiinated suflBciontly accurately for the present purposes by taking it 
to be proportional to the fall in interfacial tension. These figures conform 
with the more rigid calculations of Schofield and Rideal ( 1925 ) on the 
constitution of the interface between air and aloohol-water mixtures. 

When 10 % of alcohol is added to the water, the interfacial tension is 
decreased by 41%, ie a fraction of 0-41 of the interface between the 
solvent and paraffin can be taken to be occupied by alcohol molecules. 
If there are n ions m the micelle, the paraffin surface is (2900- 20 - 6 tt) A*. 
Taking 21-6 A* as the cross-sectional area of the polar head of the alcohol, 
the numlwr of alcohol molecules adsorbed on the surface of the micelle 

(2900- 20*6»)x 0-41 
21-6 

'J'lie volume of the CIjHg groups of these, buried m the paraffin of the micelle, 

= (2fMH)-20;6^0.41 x^ ^O-Sa)A». 

2ro 

Since the total volume of the micello is the same os in water (14,700 A®), 
the volume available to be filled by the paraffin chains of the ions 
= 14,70(1- I• 16(2900- 2 (> 6 n) A* This must equal 363 x n, the volume of n 
liaraffin chains. 8 olving this equation gives the number of chams n s 33, 
and the number of alcohol molecules in the surface is 42. 

In calculating the interfacial energy made available by micello forma¬ 
tion, the total surface energy should be used rather than the free surface 
eneigy or interfacial tension, as given m figure 2. However, the observed 
interfacial tension between medicinal paraffin and water ( 68"2 erg/cm ®) 
IS not very different from the accepted value of 69 erg/cra.® for the total 
interfacial eneigy between a higher parafliu and water, and the values 
with alcohol-water mi.xtures may also lie assumed to bo similar in the two 
cases. When account is taken of the original interfacial energy of the ions 
and the mterfacial energy still (lossessed by the micelle, an eneigy of 
65x 19 erg jiei' ion is available on micelle formation. This is a httlo 
more than half the correspuiidiug energy with water os solvent. 

Similar calculations have been made for other solvent mixtures and the 
results are shown in table 4 

The clectncal eneigy in chargmg a sphere the size of the micelle is also 
given in each c.a 8 e for comparison. This is calculaterl as with water, taking 
the bulk value of the dielectric constant of the solvent. Figure 2 shows 
how the interfacial energy and the electrical energy vary with alcohol 
concentration (curves 2 and 3) There is a large fall in the interfacial 
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energy, but relatively little change in the electrical energy, since the lower 
dielectric constant compensates partially for the smaller charge on the 
micelle. 

Tablb 4 


Water 10 
No. of parafflii oliains 40 33 

m micelle 

No. of alcoliol inuleuiiloa — 42 

in surface of raicelle 
Intorfacial energy (xir 116 65 

ion (org X 10 “) 

Electneal energy jier 31 6 27 0 

ion (erg x 10-“) 

Thus, miuoUe formation should lie possible in those solvent mixtures 
where the value of the iiiterfacial energy is greater than that of the 
electrical energy. Because of the vanous assumptions made and the many 
doubtful factors which may affect the electrical energy, the (xiint of 
intersection of the two curves cannot lie taken as giving (piaiititatively 
the limiting concentration of alcohol for micelle formation. It is probably 
a coiiicidonoe that it gives a coiicoiitratioii lietweeu 30 and 40 % of alcohol, 
111 good agreement with the expenraental results. But (qualitatively, it is 
clear that the assumptions made must result m the intorfacial energy 
falling mure rapidly than the electrical energy and giving some alcohol 
concentration beyond which niitiolIeH caimot lie formed. 

The decrease in critical concentration on going irom water to 10% 
alcohol means that the first addition of alcohol causes micelles to be funned 
more readily This is probably bcoause the alcohol adsorbed on the jiaraffin 
surface of the micelle causes a big fall in the uiterfacial energy and makes 
the micelle more stable. This lowering in energy is much greater for the 
first addition of alcohol than for subsequent additions, because alcohol is 
adsorbed into the mterface quite strongly from dilute solutions of alcohol 
in water. Once this alcohol is on the paraffin surface, subsequent additions 
make much less difference to the character of the interface than the original 
alteration from an interface with no alcohol at all. 

Jiiae in equivalent conductance 

Less is known about the rise m A at higher concentrations than about 
the fall at the critical concentration. At high concentrations, where it is 
difficult to mterpret the electneal behaviour of even simple salts, it is 


Percentage sloohul 

20 30 40 60 

30 27 26 25 

64 70 86 03 

43 20 23 18 

260 27 1 28-4 30(1 
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impossible to say exactly what effects would be caused by highly charged 
micelles. There is no reason to suppose that gegenions would be desorbed 
from the micelles in this concentration region, since they are assumed to 
be adsorbed in more dilute solutions. 

An effect which possibly contributes to this rise follows from the con¬ 
ception of pockets of lower dielectric constant around an ion or micelle. 
SupjKNM) that the dielectric constant in the neighbourhood of a 40-yalent 
micelle in water is very low indeed up to about 26 A (= ^40 x 4 A) and rises 
to a value of 80 about 06 A from the micelle. The distances between 
micelles, calculated on the approximation that all negative ions are 
aggregated, would be 209 A at = 0-086 (critical concentration), 80 A at 

= 0-30 (minimum), 40 A at = 0-84 (maximum) and 36 A at = 1-2 

(highest concentration reached). As the concentration increases, the 
pockets of lower dielectnc constant from neighbouring micelles will over¬ 
lap, causing a greater lowering of dielectric constant. This gives a bigger 
fall in A than would bo calculated using the bulk value of the dielectric 
constant, sinco both atmosphere and inclusion effects are enhanced. 
However, when the dielectric constant of a part of the solvent near an ion 
is at the smallest possible value, overlapping with a similar part of the 
Held of another ion can cause no further decrease. Thus, at higher con¬ 
centrations and small distances between the micelles, the decrease in A 
from atmosphere and inclusion effects is relatively not so great as at low 
(xmcontrations. Hartley ( 1939 ) has suggested the smoothing of the 
irregularities in the concentration of gegenions to explain the rise in A. 
Now the gegenions would tend to be concentrated in the pockets of lower 
dielectric constant, and consequently when these overlap at high con¬ 
centrations, the irregularities of distribution of the gegemons would 
decrease. This phenomenon would therefore make more pronounced the 
effect suggested by Hartley. 


Pinal fall in equivalent conductance 

With alcohol-rich solvents, the sodium dodecyl sulphate crystallized 
very readily if the concentration exceeded the saturation value. In 
mixtures contaiiung much water it was very easy to obtain supersaturated 
solutions. With water, the solution was actually saturated at a concentra¬ 
tion lower than that with a minimum value of A. Measurements were 
made up to a concentration fifteen times that of saturation. In this 
region A was falling quite rapidly with concentration. It is probable that 
this was caused by the large increase in the viscosity of the solution. The 
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more concentrated solutions were like syrup, a normal solution having a 
viscosity of about twenty times that of water The viscosity increase is 
quite sufficient to explain the final fall in A. 
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The surface as a limiting factor in the slow combustion 
of hydrocarbons 

By R. G. W. Nobbish, F.B.S. and J. D. Rbaoh 
Physical Chemistry Laboratory, Cambridge University 

(Received 17 May 1040) 

With special reaction veaaola, varying widely in diameter whde mam- 
taining approximately constant volume, and employing several refinements 
m techmque, a study has been made of the effect of surface on the slow 
oxidedion of several hydrocarbons, both saturated and unsaturated. All 
reactions woro of the degenerate branching typo, and wore found to be 
pnnoipally homogeneous m character. When the diameter of the reaction 
vessel was sufficiently reduced, the reaction rate was observed to drop 
abruptly toward zero, whde the corresponding induction period mcreased 
toward infinity. Data so obtamed have demonstrated that in narrow vessels 
surface deactivation can predominate over other processes of deactivation, 
whde m wider vessels surface and volume deactivation occur to a comparable 
extent over a considerable range of prossuro When the vessel diameter is 
decreased to a critical value, the surface deactivation almost alone can 
suppress the factors leading to ohain branching, and from the roaotions 
investigated the oxistonce of such a critical diameter appears to be a general 
property of hydrocarbon oxidations in conformity with the theory of 
degenerate branching. 


IWTBODTTCnON 

One of the most important criteria of branching chain reactions in the 
gas phase is the existence of critical conditions of temperature, pressure, 
and diameter of reaction vessel. The oxidation reactions of the hydro¬ 
carbons have been shown by Semenoff ( 1930 , 1932 , 1935 ) to take place 
by a process of branching chains termed degenerate, which he proposed 
m explanation of the much greater induction periods shown by these 
reactions than by those of the simpler branching reactions, such as the 
oxidations of hydrogen and carbon monoxide. According to the theory 
of branching chains the induction period r gives a measure of the net 
branching factor ^ (jir-const., approximately), which controls the 
development of the reaction, and for a self-accelerating reaction character¬ 
ized by the equation 

(a = Ae^ ( 1 ) 

must be greater than zero. The hydrocarbon oxidations, which are con¬ 
trolled then by much smaller values of ^han those of the simple branching 
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reactions, require a special mechanism to explain this slower development 
of the reaction. This mechanism jx^tulates the formation of a com¬ 
paratively stable intermediate by oxidation of the hydrocarbon through 
a straight chain reaction, while this intermediate is subsequently oxidized 
to end products, occasionally in an alternative reaction giving rise to 
additional chain centres long after the parent chain has been destroyed. 

It is a well-established fact that these general principles cover the 
oxidation of saturated hydrocarbons. The stable intermediate is almost 
certainly the derived aldehyde, which has been isolated in nearly all oases 
of the oxidation of hydrocarbons. While the aldehyde may oxidize to end 
products such as carbon monoxide, carbon dioxide, and water, it may also 
react with oxygen to yield chain centres, probably oxygen atoms, for 
instance, as illustrated by the equation 

ECHO+ 0,=RC00H-1-0. ( 2 ) 

Such a mechanism has been worked out m detail for the methane oxidation 
by Norrish ( 1935 ) and by Norrish and Foord ( 1936 ), in which the role of 
intermediate is taken by formaldehyde. The oxidation reactions of the 
unsaturated hydrocarbons have also been shown to have the characteristics 
of degenerate chain branching; the work of Bone, Haffner and Ranee ( 1933 ) 
on the ethylene oxidation is important in this respect. 

It is a matter of experience that self-acceleration towards ignition or 
fast reaction is dependent on critical conditions of temjierature, pressure, 
and diameter of reaction vessel, all of which affect the magnitude of fft. 
Semenoff has demonstrated that, in chain reactions exhibiting degenerate 
branching, (f> can be expressed in the form 

(3) 

where the constants and k^ represent the oxidation of intermediate into 
end products by alternative reactions, k^ alone representmg the reaction 
in which additional chain centres are formed, and whore t> is the length 
of the unbranched pnmary cham By further analysis it is possible to 
formulate the conditions governing the critical diameter. In a system 
where straight chains are broken both m the volume (g), and at the 
surface (S), the total destruction of chains is proportional to and the 
probability of a chain being broken at any particular link is 

/? = o ((7 + S)=a(?-H"™), (4) 

in which the surface deactivation factor S is expressed in terms of the 
vessel diameter d, and of the coefficient of diffusion D, a being a constant. 
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Further, ainoe by definition v ia inveiaely proportional to the following 
aubatitution &om equation (4) may be made 

This expression when substituted in equation (3) gives 

It is apparent that, for sufficiently large values of diameter, v becomes 
constant, and ^ consequently achieves a constant value dependent solely 
on the factors which influence the homogeneous production and oxidation 
of the intermediate substance. As the diameter d decreases, however, the 
chain length v becomes increasingly dependent on the diameter, and, for 
sufficiently amaU values of d, will approximate the form v =» cd*, where c 
is a constant. In this case <f> tends to the form 

4, = -1) -1?! = 6 \d* - C,. (7) 

It is impossible to say precisely in what manner the oxidation of the 
mtermediate ia affected by increasing surface (decreasing d), but it may 
be seen that any change in the factors controlling the destruction of the 
intermediate which would cause either an increase in 0% or a decrease in 
Cl, or both, could bring the net branching factor 4> to zero or to some 
negative value while the diameter still remains at finite size. An illustration 
of the dependence of 4> on the diameter of the reaction vessel as based on 
the foregoing theoretical development is shown in figure 1 . 

The first observation suggesting that the vessel diameter can be a critical 
limiting factor in chain reactions below the ignition point was meide by 
Spence ( 1932 ) Studying the slow oxidation of acetylene by a flow method, 
he established values fur the reaction rate which ap^ieared to show that at 
a diameter of about 4 mm. the rate dropped away abruptly to very small 
values; this remaining rate he considered as being caused by a residual 
surface reaction. 

Subsequently Xorrish and Foord ( 1936 ) investigated the kinetics of the 
slow oxidation of methane, m the course of which they also observed the 
existence of a critical diameter below which the reaction was inhibited. 
This work, using a constant volume method and aided by a number of 
refinements in technique, showed the critical diameter to be somewhat 
less than 6 mm., a value of the same order as that obtained by Spence in 
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the acetylene oxidation. Later, Shantarovitch ( 1937 ) determined the 
critical pressure for the oxidation of arsine in vessels of three different 
diameters, and it is evident that in this reaction too a critical diameter 
for slow oxidation at a given total pressure must exist. Sadownikow in 
1937 concurrently found a similar effect in a study of the critical conditions 
of the ethane oxidation. Prettre ( 1938 ), in work partially contemporaneous 
with the present investigation, has found the same for »-pentaue. 

It has been the purpose of the present investigation to make a systematic 
study of the phenomenon of vessel diameter as a critical condition of the 
oxidation of hydrocarbons, and to show that this limiting factor which 
was pointed to by the above-mentioned cases may be considered as a 
general property of degenerate branching reactions. 



FiauHB 1. Variation, of with diatnotor of reaction vessel 
(theoretical development). 


Previous work in this laboratory has shown that good reproducibility 
in experiments in which surface plays a part is obtained if the reaction 
vessel is kept thermostatic during a series of exiieriments, at no time being 
allowed to cool. Many of the irregularities previously recorded have been 
due to the alternate heating and cooling of the surface, occasionally in 
the presence of air The accuracy of the constant volume method has been 
improved by the use of special reaction vessels which wore constructed 
from sections of tubing of any desired diameter joined together in parallel, 
by this means vessels of approximately constant volume, although varying 
widely in diameter (3-40 mm.), were obtained Limitations consequent 
upon the use of the comparatively crude method of packing vessels have 
thereby been circumvented, as well as the inaccuracies due to loss of 
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volume by reduction of diameter in single-segment vessels. From the results 
of the present work, which has comprised a study of the slow oxidation 
of the hydrocarbons methane, ethane, propane, acetylene, ethylene, and 
propylene, it will be apparent that expectations based on the theory of 
degenerate branching relative to the surface effect have been fully justified; 
the diameter has been found in all cases studied to be a critical factor in 
the sense that observable reactions either cease abruptly or are severely 
inhibited below a finite diameter. 

Experimental method 

A. Apparatus. The slow oxidation of various hydrocarbons was studied, 
as described in the following pages, by observation of the pressure change 
in gas mixtures wliile at constant volume and specified temperature. An 
apparatus of a typo similar to that used by Norrish and Foord in two 
previous investigations ( 1935 , 1936 ) was employed; see figure 2. Essentially 



it consisted of an electrically heated reaction vessel into which previously 
prepared gas mixtures could be admitted firom a separate mixing vessel, 
the ensuing pressure change being observed by either of two specially 
modified Bourdon gauges. Extensions to the manometer, os well as inlets 
for hydrocarbons and oxygen, are indicated on the sketch, while the mixing 
vessel A, reaction vessel B, heated entry tube C, and one Bourdon gauge D 
are indicated by letters alone. The automatically regulated fiimace could 
be kept constant within one degree of any desired temperature in the range 
0-700° C. The apparatus could be evacuated to 10 -*- 10 ~* mm. of mercury 
by ‘Hyvac* and mercury diffusion pumps. 
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Of the two Bourdon gauges, one was of a type designed and described 
by Foord ( 1934 ). As well as being strengthened to the point of withstanding 
one atmosphere on one side of the spoon, it was sufficiently sensitive 
to be read to 0-06 mm. Hg. Readings were taken from a fixed scale 
upon which a reflected light beam was cast by a small concave mirror 
affixed to the pointer of the gauge. The gauge had a linear range corre¬ 
sponding to 120 mm. of mercury and, combining sensitivity with great 
flexibility, was valuable in determining reaction rates which were very 
fast, as well as easily accommodating considerable changes in pressure. 
Throughout these tests this gauge was used for comparatively fast re¬ 
actions, say 10 mm. Hg/min. and over. 

The second gauge, although more sensitive, was more limited in its use. 
Pressure changes were determined by the movements of its long pointer 
as observed through a travelling microscope. Although it could be read to 
0-02 mm. Hg, its linear range was not great, and manual operation of the 
microscope necessarily implied less speed of observation. Consequently 
this gauge was used for the slower reactions (under 10 mm. Hg/min.) in 
which its greater accuracy was advantageous. Both gauges were encased 
in water-jackets to prevent them from being influenced by sudden changes 
in room temperature. 

To prevent the condensation of steam by diffusion out of the reaction 
vessel during the course of a slow reaction, the entry tube (figure 2 , C) 
was made of a 60 cm. coil of 2*6 mm. tubing, encased in a steam-jacket 
and maintained at 100 ° C. Since total pressure changes were to be measured 
as well as the reaction rates, the escape by condensation of steam formed 
in a reaction would affect the measurements. Typical curves of experiments 
made with and without this heater coil are shown in figure 3. Actually 
this diffusion of steam from the reaction vessel, with consequent condensa¬ 
tion, only affects the pressure after several minutes. In the more rapid 
reactions, consequently, the maximum rate is achieved and passed before 
this diffusion can take effect. However, in the time taken to measure the 
total pressure change and in the slower reactions, say those requiring over 
6 min. to reach maximum rate, this heater coil is of considerable importance 

All the reaction vessels used in these tests were of Pyrox and were 
patterned to a standard length (approx. 20 cm ). This length was chosen 
since, w'hen centrally placed in the oloctrio furnace, the vessel was exposed 
to a temperature constant within one degree over its entire length. The 
various vessels ranged from 3 to 40 mm. m diameter, the smaller vessels 
being made of a number of segments of the specified diameter attached 
in parallel so as, by avoidmg great differences in volume, to obviate 
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large correction factors for the volume of the gauge and ita connecting 
tubing in computing the reaction velocity. A list of the vessels with their 
specifications follows (table 1 ). 



Fioubb 3. The effectivenoHS of heated entry tube aa a preventive of steam con¬ 
densation. CH 4 + O, at 530° C i initial pressure = 200 mm., vessel diameter=29*0 mm. 


Internal 

Tablk 1 


ilnunetor 

No. of 

Volume 

in mm. 

Hogrnenta 

in 0 . 0 . 

28 

49 

86-7 

60 

10 

81-6 

70 

6 

41 6 

11 1 

4 

77-3 

16 7 

2 

90-1 

22-3 

1 

77 0 

20 0 

1 

162 5 

32 6 

1 

163 0 

38 7 

1 

260 

44 0 

1 

307 


B. Preparation of gases {a) Oxygen was prepared by electrolysis of 
a 10 % solution of sodium hydroxide saturated with barium hydroxide, 
and purified from ozone and hydrogen by passage over heated (co. 460° C) 
platinized asbestos ( 6 ) Methane was prepared by the reduction of methyl 
iodide, with methyl alcohol and a copper-zinc couple, mainly as described by 
V anino ( 1914 ). Steps of purification were adopted principally from the method 
used by Norrish and Wallace ( 1934 ). (c) Ethane was mode by electrolysis 
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of a 20 % aqueous solution of potassium acetate, using platinum electrodes 
(Department of Scientific and Industrial Research, Fuel Research, 1931 ). 
(d) Ethylene was made by the dehydration of approximately 98% ethyl 
alcohol in heated (220° C) phosphoric acid. The phosphoric acid was 
preliminarily heated somewhat higher (ca. 240° C) to remove excess water, 
and at all times during the preparation the temperature was not permitted 
to fall below 220° C, thus preventing the formation of ether, (e) Propylene 
was prepared by a method proposed by Sakmin ( 1934 ), in which propyl 
alcohol is dropped on to fragments of unglazed clay plate heated to 360° C. 
(/) Acetylene and propane were obtained from commercial cylinders. 

Preliminary purification by chemical means was always followed by 
double distillation in vacuo at liquid air temperatures. All the gases 
prepared for the following teste were dried before use by passage over 
phosphorous pentoxide and were found to bo at least 99% pure by 
analysis on a modified Bono and Wheeler apparatus ( 1908 ; D.S.I.R. 1931 ). 

C. Standard procedure. Throughout the entire series of experiments 
certain methods of procedure were standardized, whatever mixture of 
gases might bo in use. Because of the extreme sensitivity of surface to 
■many influences, a vessel when once installed was maintained at the 
desired temperature (within 1°C) until tests were completed. Also, air 
was under no circumstances permitted in a vessel after it had been evacuated 
and brought up to temperature, for the duration of the tests concerned. 
Before use each reaction vessel but one was washed with concentrated 
nitric acid and rinsed several times with distilled water, the exception 
being the 49 section, 2-8 mm. inside-diameter vessel, which was exempted 
because of its fragility. It had, however, been constructed of thoroughly 
cleaned tubing, and before use with any gas was kept, at least overnight, at 
a temperature in excess of 400° C while under vacuum. This treatment, 
it was assumed, would rid the surface of most impurities. 

A desired combination of gases, when admitted to the mixing vessel, 
was given time for complete diffusion to take place—at least 16 min.—to 
ensure an homogeneous oxygen-hydrocarbon mixture. 

All reaction rates were corrected for the volume of the Bourdon gauge 
and connecting tubing. 


Experimental results 

A. Saturated hydrocarbons. As a check on the operation of our own 
apparatus, as well as a measure of the reproducibility of surface experiments, 
part of the work of Norriah and Foord ( 1936 ) in the determination of the 
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critical diameter for the slow oxidation of methane wae repeated. The same 
conditions which had been used in the previous work were established, 
equimoleoular mixtures of methane and oxygen at 530° C, and total pres¬ 
sures of 160, 200 and 300 mm. of mercury. The three vessels chosen for 
these teste were of 6 * 0 , 11 • 1 and 29-0 mm. internal diameter and were treated 
before installation as described under paragraph C, above. The reaction 
rates obtained for the methane oxidation, when jilotted against vessel 
diameter (figure 4, A), show a good reproduction of the previous work 
especially in the 6 mm. vessel, although appearing somewhat higher with 
the larger vessel diameters. This faster rate, however, may bo attributable 
to any slight variation in surface conditions. 

The oxidations of ethane and propane were undertaken in the following 
systems. C,Ha + 20, and C,Hj -f- 30„ at 486° and 430° C, respectively, total 
pressures of 160, 200 and 300 mm. were also used, as for methane. 

The reaction velocity fluctuated considerably in the course of the first 
few tests in any vessel, but became consistently steadier in each succeeding 
test. When its variation from the mean had reduced to about 8 %, the 
average of the final few values (3 or 4) was plotted against vessel diameter 
as illustrated by figure A, C, E. The corresponding induction periods 
which were measured to the point of inflexion of the pressure-time curves 
(see below and figure 6 ), did not show the same variation as the reaction 
velocity, being much mure reproducible, increasing somewhat during the 
fiirst three or four tests they finally assumed a value that was constant 
within 16 sec for any number of succeeding tests. The induction periods are 
given in table 2 and plotted against vessel diameter in figure 4,B,D, F. Each 
reaction rate and its corresponding induction period represent the results 
of from eight to fourteen individual tests. Greater reproducibihty of the 
velocity was obtained at the lower pressures and with smaller diameters; 
in general, the smaller the rate, the steadier were the values obtained. 

The pressure-time curves for the throe oxidations, from which reaction 
rates were calculated, were of the usual S-shapod type; examples are shown 
in figure 6 . In all cases the pressure after having reached its maximum 
remained quite constant for some minutes, only decreasing very slowly as 
steam escaped from the reaction vessel through the heated entry tube and 
condensed in the cold external parts of the connecting tubing; this drop 
in pressure, as determined in a number of tests, was of the order of 6 mm. 
in 20 min. Illustration of the effectiveness of the heated entry tube as a 
preventive of steam condensation has been given in figure 3. The curves 
obtained for methane were similar to those found by Hinshelwood and Fort 
( 1930 ), while the ethane curves were similar to those of Bone and Hill ( 1930 ) 
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for the same system; no case was found of the pressure rising to a maximum 
and then decreasing quite rapidly towards a negative value, as shown in 
the work of Kowalsky, Sadownikow and Tschirkow (1932). The only curves 
of that nature are those in which the entry tube was not heated. 

The plot of the reaction rate against diameter shows a maximum in the 
oxidations of ethane and propane at the two lower pressures, 160 and 
200 mm., at a diameter of about 12-16 mm. These values were repeated 
several times with frequent cleaning of the vessels, and no indication of 
contamination of the surface was found (Several new vessels were made 
as well, all of which gave the same maximum in velocity. At 300 mm. 



Fiucrk 6 Representative reaction curves Increase of pressure with time in slow 
oxidation of saturatoil hydrocarbons. Initial preB8iiro=300 min. Vessel diameter= 
29 0 mm. A. CH, + (), at 530'’ V U, C,H, + 20, at 485 ’ C. C, C,H, + 30, at 430° C. 

pressure the rate approached a constant value as diameter increased, 
showing no maximum. The induction periods, however, showed no corre¬ 
sponding mimmum at the lower pressures, in all cases assuming a steady 
value when the diameter was sufficiently greater than the critical value. 

C!omplete suppression of the reaction with all three gases was found in 
the 6'0 mm. vessel at 150 mm., no pressure change being observed in 
20-24 lu*., while the great reduction of rate and corrospondmg increase in 
mduction period at higher pressures m the same vessel also demonstrate 
the existence of a critical diameter. Probably the most reliable means of 
calculating the net-branching factor ^ is by use of the induction period, 
since its reproducibility throughout all tests was good, even when the 
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reaction velocity tended to fluctuate considerably. From the relation 
^ = const., relative values for ^ have been computed as shown by <j>l^ in 
table 2, where the term represents the value of ^ corresponding to the 
average steady induction period found with large diameters at 300 mm. 
pressure. The values for propane are plotted against vessel diameter in 
figure 6; these curves, which are similar to those for methane and ethane 
(not plotted), give a very close approxunation, especially at 300 mm. 
pressure, to the theoretical curve for 0 shown in figure 1. 


Tablk 2. Variation or induction period (t in minutes) and ^/^g with 

VESSEL DIAMETER AT TOTAL PRESSURE P. ^g REPRESENTS AVERAGE 
VALUE FOR LARGE DIAMETERS AT 300 MM. 


V0880I 

diamotor 

System mm. 

CH4 + O, 29 0 

atOSO’C IM 

60 


P = 300mm. P=\ 

T T 

08 100 26 

1 a 0 60 4 0 

6 0 013 180 


mm P=160inm. 

T 0/^0 

0 32 6 1 0 16 

0 20 11 0 0 07 

0 04 00 000 


C,H, + 20, 38 0 

at 4860 29 0 

16 7 
IM 
70 
60 


10 6 1 07 27-6 

110 1 03 26-6 

13-7 0-83 300 

10 0 1 13 260 

310 0-36 610 

60 0 0 19 223 0 


0 41 62 0 0 22 

0-43 48 0 0-23 

0-38 62-6 0-21 

0 46 61-3 0 22 

0 10 188 0 006 

0 08 00 0-00 


CgH, + 30, 44 0 

at 430“ C 32 6 

29 0 
16 7 
11 1 
70 
60 


7 6 0 99 23 0 

7-6 0 90 23 6 

8 0 0 93 24 0 

0-6 1 14 21 6 

7 6 0-99 22 0 

110 0 67 86 6 

106 0 0 07 238 0 


0-32 46 0 

0 31 44 0 

0 31 44 0 

0 34 44 0 

0 34 46 0 

0 09 166 0 

0 03 00 


0 16 
017 
0 17 
017 
016 
004 
000 


Other methods of calculating ^ have not been illustrated. However, 
computations based on the formula Ap = Ne^, plotting log (Ap) against 
time, give results in good qualitative agreement with the above method. 

B. Unaaturated hydrocarbons. The three unsaturated hydrocarbons, 
acetylene, ethylene and propylene, were studied under the following con¬ 
ditions of admixture and temperature: 

CgHg-HlOgatSSS® C, 

CjH4-|-20,at450° C, 

C,H,-f-30, at360“ C. 

Total pressures of 160, 200 and 300 mm. were again used in these reeustions. 
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Vesaelfl larger than 29*0 mm. diameter were not used in the acetylene 
oxidation due to a tendency of the gases to explode violently in the mixing 
vessel. The explosions were unpredictable; several mixtures were detonated 
in the mixing vessel while using the 29-0 mm. reaction vessel, taking place 
at the moment when the tap between the two vessels was opened. Once 
a gas mixture had gained entrance to the reaction vessel without explosion, 
then the slow reaction proceeded normally. No explosions occurred when 
using vessels of less than 29-0 mm diameter. 



Figubk 0. Variation of ^ with vomnl diameter in oxidation 
of propane. 30, at 430° C. 

Fluctuation of the reaction velocities m successive tests in the same 
vessel was not as great with acetylene and propylene as with ethylene, 
which acted very much the same as the saturated hydrocarbons in this 
respect. The first two gases gave reaction rates constant within about 6 % 
variation fipom the mean after a vessel had been conditioned by a few 
preliminary tests. As a result, for each rate and its corresponding induction 
period, only six or seven tests in any vessel were required before the results 
were considered satisfactory; ethylene required ten or twelve tests to 
establish each point. Reaction rates and induction periods are plotted 
against vessel diameter as shown in figure 7, A-F, 

Ethylene exhibits a maximum in the reaction velocity with pressures 
of 160 and 200 mm. at diameters of 12-16 mm. (figure 7, A), similarly to 
ethane and propane, tests with diameters from 12 to 40 mm. wore repeated, 
using new vessels, with the maximum still apparent as indicated in the 
figure. Contrary to the behaviour of ethane and propane, a slight corre- 




veHsel diameter (mm.) veeaol diameter (mm ) 

A, B, C,H4 + 20, at 460" C 
C, D. C,H,+iO, at 386" C 
E, F, C,H, + 80, at 360" C 

Fiuukb 7. Variation of slow roaotion velocity and induction period with vessel 
diameter in the oxidation of unsaturated hydrocarbons. 
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Bponding TninimiiTn is observed in the curves of the induction periods for 
ethylene (figure 1,3). 

Complete suppression of the reaction was not obtained for these oxida¬ 
tions, a very small measurable reaction being found even in a vessel of 
2*8 mm. diameter at 160 mm. pressure. <lreat inhibition of the reaction 
velocity is apparent, however, in all cases. Extrapolation of the retmtion 
rate-vessel diameter curves (figure 7 A, C, E) shows that complete sup¬ 
pression of all homogeneous reaction may be expected at or about a diameter 
of 2 mm. with acetylene and propylene, while with ethylene it would 
appear to take place at about 4 mm. 

The reaction rates of the acetylene and propylene oxidations are shown 
to decrease almost linearly between diameters of 29 and 7 mm., yet 
a correspondingly line«ir increase is not found m the curves for the induc¬ 
tion periods, which show almost the same asymptotic increase with small 
diameters as was found for the saturates. Although very short when com¬ 
pared to the other gases, the induction {wriods for acetylene show a definite 
increase when the diameter is sufficiently decreased; this is contrary to 
Spence’s observation (1932) that the induction period decreased when the 
surface/volume ratio was increased. Spence, though, used a flow method 
the results of which cannot bo compared strictly with the static method 
employed in these tests. 

The pressure-time curves obtained for these three oxidation reactions 
generally conformed with the 8-type and were found to follow the form, 
Ap = Ne^, quite closely during the imtial stages of the reeKstion (cf. 
figure 0). The reaction velocity shows a maximum which is most pronounced 
with propylene, but is quite distinct also in acetylene and ethylene 
(figure 8). 

Values for have been calculated as before from the induction periods, 
and the same decrease of ^ at a limiting diameter is observed. No example 
is plotted, but the trend of ^ will bo observed by reference to table 3. 

Discussion 

It has been shown that the six oxidations investigated follow the form 
w = very closely during the imtial stages of reaction, for the plot of 
\og(Ap) against time shows a straight line up to the point of inflexion of 
the pressure-time curves; this has been illustrated in figure 0 by values 
taken from the typical curves of figures 6 and 8. The curves of figure 9 are 
similar to those obtained from all the reactions studied in this investigation. 
Further, by measurement of the reaction velocity and induction period. 
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Fioubb 8. Reproeontative reaction curves. Increase of pressure vith tune m slow 
oxidation of unsaturated hydrocarbons: 

Initial Vessel 
preesure diameter 
mm. Hg mm. 

.4, 0,H,+ lK)iat385"C(dpx6) 800 11 1 

B, + 20. at 450’ C 800 44 0 

C, C,H, + 30, at aao’O 200 44 0 


TABLB 3. VABIATION of induction PSBIOD (t in MINOTJSS) and with 
VBSSXD DIAMBTEB AT TOTAL PBX8SUBB P. <j>^ BEPBBSBNT8 AVBBAQB 
VALUB FOB LABOB DIAMBTBBS AT 300 BIH. 



Vessel 

B=300 

mm. 

P=200 


P = 

160 mm. 


diameter 






System 

mm. 

r 


T 

^1^ 

T 


C,Hr.+ 20, 

44 0 

2-2 

0 84 

4-4 

0 42 

60 

0-31 

at 460"C 

32 6 

1-8 

102 

32 

0 67 

4 8 

0 38 


16-7 

X-6 

116 

2 6 

0 71 

42 

0 44 


HI 

1 6 

1 16 

2-4 

0-76 

40 

0 46 


70 

2 0 

0-92 

28 

0-66 

46 

040 


60 

70 

0 26 

30 0 

0 06 

68 0 

0 03 

C.H,+ liO, 

20 0 

0 6 

1 00 

0-76 

0-67 

1-1 

0-46 

at 386" C 

16-7 

0-6 

1 00 

0 76 

0 67 

11 

0 46 


11 1 

0-6 

1 00 

0 76 

0 67 

1 0 

0 60 


7-0 

05 

1-00 

0-76 

0 67 

1-3 

0-38 


6-0 

0-6 

1-00 

1 00 

060 

2 0 

0-26 


28 

0-76 

0 67 

1-60 

0-31 

3-0 

0-17 

C,H,+ 30, 

44-0 

3-3 

0-91 

80 

0 38 

17 0 

0 18 

at 360"C 

38 0 

20 

103 

11 0 

0 27 

26-6 

0 12 


20 0 

30 

1-00 

7-6 

0 40 

190 

0 16 


16-7 

30 

1 00 

8-6 

0 36 

17 6 

0 17 


IM 

3 6 

0 86 

7-6 

0 40 

170 

018 


70 

6-6 

0-66 

96 

0-32 

20 0 

016 


60 

11 6 

0 26 

200 

016 

46-0 

0 07 


2-8 

170 

0 18 

300 

0-10 

70-0 

0 04 
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the net-branohing factor haa been found to deoreaee to zero or negative 
values when the vessel diameter is reduced to a oritioal value. These results 
are in accordance with the theory of degenerate branching. 

Chain reactions of the rapidly developing type, such as the oxidations 
of hydrogen and carbon monoxide, clearly demonstrate the operation of 
surface and volume deactivation. Upper and lower pressure limits of 
ignition define the extent to which these two types of deactivation may 
individually suppress the reaction despite all other factors leading to 
explosion. The two pressure limits of these reactions, which outline the 



explosion peninsula in pressure-temperature curves are shown to be 
dependent on the impedance of the gas molecules to the diffusion of chain 
centres. At the lower limit the pressure is sufficiently reduced to permit 
the chain centres access to the walls of the containing vessel where they 
are destroyed; as the pressure is increased, the diffusion of centres to the 
walls is impeded and the consequent increase in the concentration of 
centres results in almost instant inflammation; with further increase of 
pressure, a point is reached at which the destruction of active centres is 
promoted by gas-phase deactivation alone, and again explosive reaction 
is prevented. 


Vol 176 A. 


30 
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With reepeot to upper and lower pressure limits of ignition, the oxidation 
reactions of the hydrocarbons do not show the same clear distinction of 
the two types of deactivation as do the rapidly developing chain reactions; 
edthough some evidence of a rudimentary separation of upper and lower 
limits is shown in ignition curves for methane-oxygen mixtures when the 
concentration of methane is between 2*5 and 37 % (Neumann and Serbinoff 
1932 ), it would appear that the volume and surface deactivation are in 
general simultaneously operative factors, and the consequent difFerentiatLon 
into upper and lower limits is not pronounced with hydrocarbons. Be- 
actions of the degenerate branching type may be expected to lack such 
differentiation at pressures below one atmosphere because the chain 
propagation, being effected both by way of atoms or radicals on the one 
hand, and more stable oompoimds such as aldehydes on the other, may be 
simultaneously exposed to control by influences operating both in the 
volume and at the surface. 

In the present work it has been possible to demonstrate clearly the 
operation of both surface and volume deactivation in degenerate branching 
reactions as exemplified by the oxidations of hydrocarbons. Above a 
certain diameter of reaction vessel the reaction rate was found to attain 
a constant value independent of surface and limited by volume deactivation 
alone. However, when the surfaoe/volume ratio is sufficiently increased, 
all other factors concerning chain branching become negligible by com¬ 
parison, and the reaction is suppressed. As illustrated by equation ( 8 ), 


P=f-g-’ 


( 8 ) 


^ can be defined in terms of /, the secondary generation of centres from 
the oxidation of intermediate products, the volume deactivation gr, and 
the surface deactivation S, expressed in terms of vessel diameter d and the 
goB diffusion coefficient D. When d is sufficiently large the surface deactiva¬ 
tion becomes negligible, and the reaction velocity and induction period 
are constant, being dependent entirely on the factors controlling a homo¬ 
geneous system (/ and g) As d decreases nWld* becomes increasingly 
prominent until, at the critical diameter, becomes equal to or less than 
zero. Thus, when conditions of temperature, pressure, and gas composition 
are constant, equation ( 8 ) reduces to 

(») 


where a and b are constants and, through the limitation of ^ by surface 
deactivation alone, the onset of the reaction u delayed infinitely. This has 
been demonstrated in the curves of figures 4 and 7. 
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The oxidation reactions of the hydrocarbons appear to be principally 
homogeneous, with little evidence of heterogeneity in the main reaction 
or of any residual surface reaction. The sharp decrease of ^ near the critical 
diameter is approximately proportional to the square of diameter, which is 
in accordance with the initiation of chain centres from intermediate pro¬ 
ducts in the volume and their destruction at the walls. In a heterogeneous 
reaction chain centres may be initiated both at the walls and in the volume. 
Hence, an increase in the surface/volume ratio will cause an increase in 
the number of centres created at the walls, and will counteract to some 
extent those being destroyed. Thus, the rate will vary with diameter 
according to some power less than the second, and under certain conditions 
will approximate a linear relationship. With acetylene and propylene the 
reaction rate decreases almost linearly between diameters of 29 and 7 mm. 
(figure 7) and might appear to support a heterogeneous reaction, but this 
linear dependency is not shown by ^ when calculated from the induction 
periods; ^ is seen to decrease very sharply near the limiting diameter as 
in the other four reactions. 

The maxima foimd in the curves relating the reaction rate and vessel 
diameter for the ethane, propane and ethylene oxidations at 150 and 
200 mm. pressure in vessels of 12-16 mm. diameter are probably due to 
some selective effect of surface. The maxima were not found when the 
pressure was increased to 300 mm., thus indicating that at lower pressures, 
when diffusion to and from the walls is less unpeded, a certain heterogeneity 
of these reactions may be manifested. For example, in the oxidations of 
the higher hydrocarbons more complex intermediates can be assumed, 
which may be heterogeneous in their own oxidation reactions. The oxidation 
of formaldehyde, which is considered as an intermediate in the oxidation of 
methane, has been shown to be inhibited by an increase of surface (Askey 
1930 ), but the rate of the acetaldehyde oxidation, studied by Hatcher, 
Steacie and Howland ( 1932 ) and by Pease ( 1933 ), was found to increase 
with increased snrface/volumo ratios under certain conditions. If the 
diameter is reduced in the oxidation of the higher hydrocarbons at low 
pressures, a critical condition may arise in which a heterogeneous reaction 
of an intermediate such as acetaldehyde is superimposed to a noticeable 
extent upon the main homogeneous reaction, thereby producing a maxi¬ 
mum. At larger diameters the surface/volume ratio would be so reduced 
that this surface reaction would be negligible, while at very small diameters 
the limitation of the production of intermediate would reduce this seoondaiy 
reaction as well. 

There is the possibility of a small residual surface reaction being present 


30-a 
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in the oxidation of the unsaturated hydrocarbons, sinoe complete inhibition 
of these reactions was not obtained with the smallest diameter, 2*8 mm., 
but the shape of the curves (figure 7) indicates that all observable reaction 
would oeeise with a further alight reduction in diameter. 
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On the turbulence of a tidal current 

By J. Pboxtdican, P.R.S. 

{Rtceived 12 Junt 1940) 

1 . Inteoduotion 

This is a theoretioal investigation of the dynamics of a tidal ounent when 
turbulence is of signifioanoe. 

We take the depth of water to be uniform, and we suppose that the external 
body forces, the mean velocity of the current, and the statistics of turbulence 
are uniform over all horizontal planes, though they may vary between the 
sea surface and the sea bottom. In a natural tidal current there will usually 
be mean horizontal pressure gradients due to mean surface gradients. In 
order to maintain a horizontal mean sea surface, we shall suppose those 
pressure gradients to bo replaced by external body forces. 

In §§ 3-6 we t€ike into consideration both the rotation of the earth and 
the oscillatory nature of a tidal current. We examine the forces of internal 
friction, the rates of doing work, and the energy relations, in terms of the 
statistics of the turbulence. The results are particular cases of those due to 
Osborne Reynolds ( 1894 ) and in fact the forces of internal friction consist 
largely of the Reynolds shearing stresses. In these sections no new prin¬ 
ciples are introduced, though most of the particular formulae of §§ 4, 5 do 
not appear to have been previously put on record. 

In §6 we emphasize that ‘isotropic turbulence’, which has recently been 
studied by G. I. Taylor ( 1935 ), T. de Karman and L. Howarth ( 1937 ), 
involves zero values of the Re 3 rnolds shearing stresses, and is therefore in¬ 
capable of accounting for the quantities which are of interest in the present 
paper. 

In §§ 7-11 we study certain particular types of disturbance. As those dis¬ 
turbances are specified by fairly concise formulae, they hardly correspond 
to the common idea of turbulence, but it is of interest to examine their con¬ 
tributions to the relationships investigated m §§3-6. As the fluctuations 
of velocity which constitute turbulence may be assumed to have zero mean 
values over periods which are very small compared with the tidal period, 
in §§7-11 we neglect both the tidal oscillation and the earth’s rotation. 
As we are then studying a non-accelerated mean motion under external 
forces, there must be a balancing force due to friction at the sea bottom. This 
requires the non-vanishing of the forces of internal friction across any 
[ ^9 ] 
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horizontal plane below the sorfiaoe, but as the general expressions for the 
Reynolds stresses do not contain the coefficient of viscosity, it is conceivable 
that viscosity may be n^lected except in the immediate neighbourhood of 
the sea bottom. Now in order to secure the desired constancy and uniformity 
in the statistics of the disturbance, we assume the time and the horizontal 
co-ordinates to enter only through trigonometrical functions. It then appears 
that it is only when viscosity is taken into account that the Reynolds 
shearing stresses do not vanish. 

The disturbances we study consist partly of travelling vortices, and are 
similar to the oscillations of the usual theory of waves, except that the 
disturbance of the sea surface is very small. They are maintained against 
viscosity by a transference of energy, partly from the turbulent motion 
near the sea bottom, and partly from the local mean motion. Of course the 
turbulent energy near the sea bottom comes itself from that of the mean 
motion, but we do not investigate this particular transfer; and of course 
the mean motion in turn takes energy from the external body forces. 

The investigations of §§ 6-11 may be regarded as a series of attempts to 
discover a type of disturbance which will produce non-zero values of the 
Re 3 mold 8 shearing stresses. These attempts involve successively isotropic 
turbulence, motion without viscosity, and motion with viscosity, and only 
the last attempt is successful. Even then, the oscillations of real period 
which we study cannot extend right down to a perfectly plane sea bottom, 
but in any case such a sea bottom docs not exist. 

Apart from the conditions at the sea surface and sea bottom, the mathe¬ 
matics of §§ 7-11 is similar to that on the stability of laminar motion, on 
which there is a large literature. 

There is not much in the paper that is specifically tidal; but the tides 
of shallow seas do appear to provide the best example in nature of the 
horizontal uniformity, the freedom from variations of density, and the 
significance of friction which are postulated throughout. 


2. Notation and fondambntal equations 
We shall denote by: 

b) the vertical component of the earth’s angular velocity, 

g the acceleration of gravity, 

p the density of the water, 

p. the coefficient of viscosity, 

V the kinematic coefficient of viscosity, pjp, 
t the time. 
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X, y, % Cartesian co-ordinates, with the origin 0 in the mean sea surface 
and Oz vertically upwards, 

{/, V the components of the mean current, 

X, Y the components of the external body force per mass, 

P the mean pressiue, 

N the eddy-viscosity function, when the mean motion is confined to 
one vertical plane, 

«, V, w the components of the ‘turbulent velocity’, 
q the speed of the turbulent motion, such that =»«• + »* -f- «>•, 

X the vertical component of the ‘ turbulent vortioity ’, 
p the ‘ turbulent pressure ’, 

f the ‘ turbulent elevation ’ of the sea surface, 

the rate of dissipation of * turbulent energy ’ by viscosity. 

The quantities from w to v we take to be constants; the quantities from 
U,V to N vfe take to bo functions of t and z; the quantities from u, v, 10 to 
p we take to be functions of f and x, y, z; while C we take to be a function of 
t and X, y. 

We shall use the symbol [ ] to denote a mean value which eliminates any 
one of the quantities from «, t>, «> to ^ above, but which makes no appreciable 
difference in any of the quantities from U,V to N above. 

From the equation of continuity we have 


^ ^ ^ ^ ^ 

dx'^dy ^ ’ dx^dy^dz 


( 2 . 1 ) 


3 . Equatiohs of motion 
The equations of mean motion are 




0Z» 

d*V 

az* 


+7, 


p dz 


From the third equation of (3-1) we deduce 

~ =[«»*]+/(<). 

where/(O is a function of t only. 


(3-1) 


( 3 - 2 ) 
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Hie quantities -p[ttw], -p[tw], -p[w*] 

are constituents of the Reynolds stress system; they govern the inter¬ 
action between the mean motion and the turbulent motion. If U, V, X, T 
are harmonic functions of t, then [uw] and [vw] will also be heumonio func¬ 
tions of t with the same period. 

The equations of turbulent motion are 

^+(tf+«)-|+(r+v)|+»l(F+.)-iM+2». 

(3-3) 

In §§ 7-11 we shall take 

w = 0, F = 0, 7 = 0, dUjdt = 0, dXjdt - 0, 
and then the first two of equations (3'1) become 

( 3 - 4 ) 


Int^prating these, we obtain 


[ttw] -v^^j^Xdz, [tw] = 


(3-41) 


on assuming the sea surface to be free from stress. In the tides X is in¬ 
dependent of z, so that, where vdUldz is negligible, [uw] is proportional to 
the depth below the surface. 

We shall define the eddy-viscosity function N by the equation 


N 


[«wl 

dU'fdz' 


(3-6) 


so that the mean value of the total horizontal shearing stress is pNdU/dz 
per area. 


4 . Ratbs of doing wokk 

We shall first consider the mean rates of doing work across a horizontcd 
plane by the stresses in the plane as they act on the water below the plane. 
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The rate of doing work, per area, by the mean stresses is 

-/>[«*»])+ F(/t^-^[ruj]). {4-1) 

The mean rate of doing work, per area, by the turbulent stresses is 

(4-2) 

We shall next consider the mean rates of doing work on an element of 
water. 

The rate of doing work, per volume, by the resultant mean stresses on 
an element is 

(^- 3 ) 

The mean rate of doing work, per volume, by the resultant turbulent 
stresses on an element is 


where 



The rate, per volume, at which energy is lost to the moan motion is 
§-?[«■»])+ 
and this is equal to 

The first term of (4-5) is the rate of dissipation, by viscosity, of the energy 
of mean motion, and is usually negligible except in the immediate neigh¬ 
bourhood of the sea bottom. The second term of (4-6) is the rate at which 
energy is transferred from mean motion to turbulent motion. 

The mean rate, per volume, at which energy is lost to turbulence is 

m, 

which is the mean rate of dissipation, by viscosity, of the energy of turbu- 
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6 . Enxbot bquatioks 
The energy equation for turbulence is 

O OFT 

= ( 6 . 1 ) 

the terms on the right-hand aide being the same as (4-4) divided by p. 

Now integrate the equation (5*1) between the levels z » Z| and z**z^", 
we obtain 

J. * ^ + I'M] da, 

+ ( 8 - 2 ) 

where j | denotes the excess of the value of the function at z Zj over 
that at z = z,. On using the equations (3*1) we obtain from (5*2) 

= I - [w, ig*] 4- (7^- [uw] j + V{v^~ - [tw] j - i [wp] -H v ^ [ig* + w*] |^. 

(8-3) 

The term represents the vertical convection of the energy of 

turbulence per density; the interpretations of the other terms on the right- 
hand sides of (6.2) and (5'3) are given by (4.1) and (4'2). 

If we take z — z, to correspond to the mean surface of the sea, and suppose 
this surface to be free from stress, then the contributions from this level to 
the right-hand sides of (6-2) and (6*3) will vanish. 

If we could also regard the sea bottom as a perfect horizontal plane, then 
every term on the right-hand sides of (5.2) and (6.3) would separately 
vanish. But a more practical formula will be obtained by taking z 24 to 
correspond to a level a few centimetres above the bottom. 
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6 . ISOTBOPIC TUBBTTLBNOB 

At any point and time, let u' be the component of turbulent velocity in 
a direction whose cosines are Then ‘isotropic turbulence* is defined 

by the condition that [u'*] shall be independent of I, m, n. 

Now u' ^ lu+tnv+nw, 


[«'*] =1 /*[«»] + +n*[fo*] + 2mn[vw] + 2id[wu\ + 

and this can only be independent of I, m, n when 




[vtu] = [tint] = [tt»] = 0. 

We thus see that the shearing constituents of the Be 3 rnoIds stress system 
are zero, so that isotropic turbulence contributes nothing to internal friction. 
In particular, we see from (4*6) that in our problem no energy can be trans¬ 
ferred from mean motion to turbulent motion. 


7 . Distubbanob of ookstakt subabenq otjrbbnt 

If we neglect the rotation of the earth and the time variation of the mean 
current, and suppose that the direction of this current is the same at all 
depths, we may take 

F = 0, ^-0. 

ot 

The equations (3-3) may then be written 

3« dU \dp 

ot ox dz p ox 

( 9tt du\ d . 

dv rjdv „ Idp / dv dv dv\ ^ 

I dp t dv) , dv), dv>\ <i, „ 
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and from these and the equation of continuity (2*1) we deduce 

/ T7. 9 rr3\T7i. 9-Sf 




fP ( wim 9 rr 3 \ dC7 310 / 3 3 3 \ 31/7 _ ,_ 


_ /au\* /3u>\* „/3toat> awStc aw3tt\ 

~ \a*j ^\ay/ ^iaz/ \3y3z a* 3* ^3* 3y/’ 

^ _/a«\* /3t)\* 3«>3t; a«3tt» dvdu 
^ ~ \ax; \3y; "^By ~dz^ dz Bx 3x ay’ 


At the surface of the sea we have 


P+p — 2fi = atmospheric pressure, 

/3«, 3tt„\ 

Ta»‘^‘as“) ” 


where u„, u, denote the components of turbulent velocity along the normal 
and any tangent to the surface, while d/dn, d/3s denote differentiation in 
these two directions. Assuming the atmospheric pressure to be uniform and 
imaffeoted by the disturbance in the water, we have, on using (3-2), 

^-2/7^ = ja+[u;*3 +constant 
at z » From this we deduce 
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and g^r~^—2v ^— [to*] + constant (7*32) 

at 2 = C- 

It is our intention to study disturbances which are periodic in t, x, y. 
If we were to take u = v=3>w = 0at the sea bottom, the first order terms 
in the above equations would then be the same as for ordinary wave motion, 
and we should obtain oscillations damped by viscosity. But we wish to 
study oscillations which are maintained against viscosity by the external 
body forces acting through the mean motion. 

IVom (3-41) we have 

= 0 (z = 0), 

and though observation indicates that dUJdz may not vanish at the sea 
surface, yet in all oases [uio] must be small at the surface compared with 
values which it takes below the surface. Also, we do not wish to study surface 
waves any further than they may be necessarily involved. 

We therefore take the following boundary conditions, in addition to 
(7-3) and (7-31), 


to = 0 (2 = 0), 

(7-41) 

[wioj.T (2 =-A), 

(7-42) 


(7-43) 


where T and W are prescribed constants. 

The condition (7-41) will exclude surface waves to the first order. Of 
course, in the actual tides, surface waves will usually bo present, but our 
object is to study disturbances which are as simple as the possibility of 
having non-zero forces of internal fHction allows. 

The level z = — his supposed to be above the sea bottom. The quantity 
pT represents the Reynolds shearing stress by which the water below the 
level z = —h acts on the water above that level. The quantity pW repre¬ 
sents the mean rate at which, through the turbulent stresses, the water 
below the level z = —h does work on the water above that level. 
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8, PXBIODIO DISTtraBAKOH, NBOIiSOTIXa VISCOSITY 

When we neglect p and the terms on the right-hand sides of (7-21), (7'22), 
(7*23) and (7*31), those equations pc^sess a solution of the form 

« = ttj sin (o1-l-«rx)cosh^, 

V a oos((rt-(-ia;)8in 
tv = w, cos (<rt-!-/£*) cos hy, 

y (8*1) 

a ain (at+Kx)im ky, 
p a Pi sin (<rt+Kx)oo8jty, 
f = ^1 sin ((rt+Kx)ooaky, 

where cr, k and k are constants, where %, Vj, w^, Xi and pj are hinctions of 
z only, and where is a constant. But when we come to consider the right- 
hand sides of (7*21) and (7-22) we shall see that the disturbance is either 
irrotational or is restricted to the two dimensions of x and z. 

We have from (2*1), (7*21), (7*22) and (7*23) 

To the first order, the equation (7*31) yields 

and then from this and (7*41) we have 

tCi = 0, (<r+KU)pi = 0 («a0). (8*3) 

The second condition of (8*3) shows that either (t+kU orp^ must vanish 
at « a 0, but we shall proceed to show that both these quantities must 
vanish at s a o. 


0, (8*21) 
(8*22) 

(8*23) 

(8*24) 



459 


On the turbulence of a tidal current 

Exoept where (T+kU already yaniahes for a oontinuoiifl range of values 
of X, tvi is determined by a homogeneous differential equation of the second 
order, via. (8-21), and ^e vanishing of both Wj and dtOijdx at z => 0 would 
require the v anishing of everywhere. Hence, from the first condition of 
(8*3), dtoj/dz cannot vanish at z >= 0. From (8-24) and (8-3) we have 


(o’+<cC7 )*dWi 

da 


(<r+icI/)^ = 0 (z=-0). 


and hence (t+kU = 0 (z =» 0). 


(8-41) 


From (8‘24) and the first condition of (8*3) we then see that 



Pi-O 

(z = 0). 

(8*42) 

The equation (7*32) gives 


(z = 0). 


and hence 

Ci-0. 

(8*43) 


On writing Uq for the value of U when z = 0, we see from (8*41) that ( 
and X only enter through the form k{z— U^t), so that the disturbance travels 
with the velocity of the sutfrioe current. 

Equations (8*22), (8*23) and (8*24) determine %, v^, in terms of 
The solution of (8*21) involves two constants of integration in , one of these 
is required to satisfy the first equation of (8*3), while the other determines 
the magnitude of the whole disturbance. 

If in (8*1) we had taken 

u =* {«! sin (ot+#ca;)+tti cos (ot+x®)} cos Jfcy 

with corresponding terms in and w’^, then u^, v^, would satisfy the same 
equations (8*21)-(8*43) as %, v^, From the differential equation (8*21) 
and the surface condition (8*3), vo\ would only differ from by a constant 
factor, and it would then follow that 


ttl Vi tOi 


constant. 


The introduction of ii[, v{, would thus give a phase change independent 
of z, and this would not constitute any essential generalization. 
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We next substitute from (8*1) into the right-hand sidee of the equations 
of § 7; from (7-21) we obtain 
1 / dwt dHo%\ 

2^ -^^)««2(«rt+i«:)cos2iy 

-H ^ ^ ^008 2 (<rt-I-«r) 

-I- i( - ^ -H ^ cos 2ky, (8-61) 

and from (7-22) we obtain 

When (t+kU vanishes for all values of z, the equations (8*21) and (8*22) 
place no restriotions on Wy and Xi> but the right-hand sides of (7*21) and 
(7*22) must then vanish. This requires 


dhoy duly d*Wy 

^~M~~di~d? 


dxx dwy 


0 , 


from which we deduce that 

5!fl^ and & 

Wy Wy 


must both be constants, and then from the remaining terms of (8*51) we 
see, after some reduction, that either it = 0, or the disturbance must be 
irrotational. 

Now suppose that (t+kU does not vanish for a continuous range of values 
of z, and let us seek a second approximation of the same general form as 
(8*1). We require an expression for w which, when substituted in the left- 
hand side of (7*21), will produce (8*61). But this can only be found when 
the coefficient of ooB2iky in (8*51) is zero. On using the equations (8*21), 
(8*22) and (8*23) the coefficient of -Kk*coa 2 ky in (8*51) may be written as 


dUjdz ( . , #c*—it* Idwy 

o--h<ef/n'''(/c*-|-ifc»)«Uz 


and this can only vanish for special constant values of 


dVjAz 

(T+kU’ 


As ct+kU^ n 0, the only applicable case is that of a constant value of U 
and this has already been examined. But when h = 0 no restriction need 


be placed on U. 
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For tli«,two-dimeiMioiial case in which £ » o, a second approximation 
of the same general form as (8*1) exists. 

On utilizing such relationships as 

[oos((rt + /c*)sm(<rt + #fx)] = [oos(<rt + /c®)oo8 2((rt + xx)] = 0, 

we see that [vta] = [««t] = [«»] = 0,') 

r {8'6) 

= [t«p] = oJ 

If we start with the sum of a number of solutions of the type (8*1) and 
work out the second approximations, we see that the results (8*6) remain 
true. 

We cannot, therefore, satisfy either of the conditions (7-42) and (7*43) 
when T and W are different from zero. Also, the rates of doing work (4*1), 
(4*2), (4*3), (4*4), (4*6) are all zero, and in the energy equations (6*1), (6*2), 
(5*3) every term is separately zero. 


9. Examples op peeiodic distdebaiices, nboleotino viscosity 

Although the results of § 8 show that disturbances of the type there con¬ 
sidered cannot account for the phenomenon of internal friction due to 
turbulence, yet it is of interest to consider certain specially simple oases. 
We shall give three examples of two-dimensional disturbances in each of 
which the expiessions satisfy the differential equations to all orders, but 
the surface conditions only to the second order. 

We shall take c to denote a constant speed fixing the magnitude of each 
disturbance. 

(1) Take U = Ug, where U^iaa. constant, so that the whole disturbance 
is convected by the mean current. A possible disturbance is given by* 

” = — Agin #f(x—f/„f) cos Axz, 

^ = cosx(x—f4f)8inA/rz, 

= JA*cos2x(x-^,t). 

« JA*oo8 2x(x-C4t), 

* Cf. C. L. Goddee ( 1934 ). 


VoL 176 A. 



462 


J. Proudman 


for all values of the constants k and A. The disturbance may be regarded 
as a system of vortex cells. 

(2) Now take 17 = t^+yz, 

where U, and y are constants. The equation (7-21) shows that the first-order 
disturbances will be irrotational. A possible disturbance is given by 

^ = - gin/f(a:-17ot) cosh itz, 

^ » cos k(x - U^t) sinh kz, 

= - sin (sinh #cz-#fz cosh + co8 2jc(a;-17ol), 

gf = ico8 2/f(*-l(,<), 

for any value of the constant k. 

(3) Next take V = Lo+17i sin mz, 

where U^, end m are constants. A possible disturbance is given by 

^ ~ ^ sin Af(a: — U^t) cosh Az, 

^ = cosk(x —17ot)sinhAz, 

= Bin/c(x-t/oO sin mz cosh Az-^ cos mz sinh Azj 

+ J^^^co8 2#f(*-i7o0. 

^^-.^^CO8 2/f(x-^,0. 

for all values of the constants k and A satisfying 
*:« = w»*-l-A«. 

This disturbance has a vorticity. 

All three examples involve second-order disturbances of the sea surface. 
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10. Pbbiodio di8T0rba»ok, allowikq foe visoosmr 
HsTisg BO far flailed to account for non-zero forces of internal friction, 
we now return to the general equations of § 7 and retain the coefficient of 
viscosity v. 

On neglecting terms on the right-hand sides of (7-21), (7*22), (7-23) and 
(7-31), these equations possess a solution of the form 


u 

V 


X 

P 


Uiooahy 
Vi sin ky 


Wiomky] 
sin Ay I 


■ 0Uirt¥KZ)^ 


Piooaky 
cos Ay. 


( 10 - 1 ) 


where cr, k and A are real constants, where tq, Vi, W|, Xi Pi functions 
of « only, and where is a constant. We thus work with complex harmonic 
motion, so that we shall have to interpret only the real parts. From the 
equations above mentioned we have 


I dwi 1 

A«i+»i«'j = Afx, J 

{K* + k')?^ = u>,. (10-24) 


and from (7-3) and (7-41), 
while from (7-31) and (7-32) 

(<r+KU,) = 0 (2 - 0), (10-32) 

gi;^=.P^-2y^ (z.O). (10-33) 


31-2 
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In order to exclude surface waves to the first order, we must have 

fi = 0. (10-41) 

and then from (10-33) we see that 

^-2v^-0 (*=.0). (10-42) 

The condition (10-42) satisfies (10-32), but we may also have <r+A:i7, = 0, 
From (10-23) and (10-31) we deduce 

= 0 (z = 0); (10-61) 

from (10-24), (10-31) and (10-42) we deduce 

and from (10-23) and (10-31) 

^* = 0 (? = 0). (10-63) 

The solution of the equation (10-21) involves four constants of integra¬ 
tion in Wi, three of these are required to satisfy (10-31), (10-61) and (10-62), 
while the fourth determines the order of magnitude of Wj. The solution of 
the equation (10-22) involves two constants of integration in one of these 
is required to satisfy (10-63) and the other determines the magnitude of Xv 
We therefore have two constants of integration, one in and the other in 
Xi, with which to satisfy the two conditions (7-42) and (7-43) at z » - A. 

When the disturbance is two-dimensional and confined to the plane of 
X and z, so that ifc = 0 and = 0, we have also = 0. The available con¬ 
stants of integration are then reduced to one and it is impossible for one 
solution of the type (10-1) to satisfy both the conditions (7-42) and (7-43). 

On using accents to denote conjugate complexes and utUizing such 
relationships as 

[cos*(o-t-Hca:)sin*Jfcy] = i, 
we have [«w] = n(uiw'i+u\wi), 

[w.i5*J = 0, 

[t^] = »(“'! Pi+wl Pi), 
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where n « i when 4+0, and n =• i when 4 » 0. From (10'23) we deduce 

(/c* + 4«) ^ 

When we substitute into the right-hand sides of the equations of § 7 the 
real parts of (lO-l), and then reintroduce complex quantities, we find that 
t, X and y enter (7*21) through the factors 

cos 24y, eWirt+<r*)^ poa 24y, 
and (7-22) through the factors 

e«<‘^+«)sin24y, 8in24y. 

The second approximation will therefore contain three new groups of terms, 
each of the same general form as (lO'l). 


11. Uniform mean current 
We now take U - U^, when Ug is a constant, and write 
m* = #r«+4* 


We also take a and 6 to denote constant speeds which fix the magnitude of 
the disturbance. 

We first examine the case in which (T+kU^ = 0, so that the disturbance 
couvected by the mean current. Then a solution of the equations of § 10 
given by 


u =■ -Bin#f(a!-Uot)oo8 4i/|^ (»M! 8 inhm 2 -t-co 8 hwM!)-~ooshnw| 
V = -co8A(a:—Ugt) sin 4y|—{tiK:sinh cosh —cosh wwj 


w = amzQOBK{x-Uot) COB ky cosh mz, 


^ = 2mu cos k{x — Uot) cos ky cosh mz, 

and of course this does not reduce to the first example of § 9 when we write 
F » 0. 4 » 0. 
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The second-order terms take the form 
u - ^sin2#f(»-l40{«|OO«2jly+«i}. 

V =» J^{r,cos2/f(a:-?7ot) + t^}sin2%, 

u; = i {ui, cos 2k(x — U^t) cos 2ky -h oos 2k(x — U^t) -f- u>\ cos 2Jey}, 

^ =» j), cos 2k{x - U^t) cos 2ky +p^ofM 2k(x -U^t)-¥p\o(M 2iby, 

where u„ U|,.... are functions of z, quadratic in a and 6, and independent 
of V. 

We deduce that 

[wto] = [wu] = [tt»] = 0, [to. 4?*] = 0, 

[4^* to*] = Ja*{m*z*(2 cosh 2mz +1) -f- mz sinh 2»nz} 

+ A{o‘+6*)(co8h2mz-|-l) 

So* ^^“** *'*‘^ + 12(wi* -I- to;*)}, 

^[top] = ima*. fnz(oo8h2ntz-1-1)-I-^ (to, p,-t-2to; Pi-I-2to;p;). 

We then see that the condition (7*42) cannot be satisfied with a non-zero 
value of T, and that the energy equation (5*2), with z, = 0, reduces to 

vj^ [^] dz = ^ [top] -^ [4g* -I- to*], 

where the right-hand side is evaluated at z = z,. 

Though this example does not provide forces of internal friction, it does 
illustrate the doing of work by turbulent pressures. We conclude, however, 
that where internal friction occurs, the disturbance cannot be completely 
convected by the mean current. 

We next examine the case in which or+KU„ftO, and write 
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Then the equations of § 10 are satisfied by 

1*1 = ^{ooflhm*-4{A*+l)oo8hA»»«!} + ^ooshAm*, 


^ {oosh mz-i(A*+l) cosh Am*}cosh Aww, 

Wi =* ojBinh «»2 - ^ '^”**1 ’ 

^ «■ mw»(l - A*) coshntz. 

The second-order terms have the general character indicated in § 10, 
The coefSoient of viscosity v does not now enter in the same simple way as 
when tr+KVf^ = 0. On account of the complication of these terms we shall 
not give them. 

We shall now write + 

where a and /? are real, so that 

ia*»(l+4i?»)*-|-l, J^ = (1 + 4J?*)»-1, 

In the above a and h may be complex, but in what follows we shall, for 
simplicity, suppose them to be real. On utilizmg such relationships as 

[cos = 0, [cos*i/?»w] = J, 

in addition to those used near the end of § 10, we have 


[uv] = [tw] = 0, [w. = 0, [lop] ~ 0, 

= Jo*(2 cosh amz— 1) 

-t- 1 + ^) (I + 3( 1 + 4i?*)-*) a*+6*} cosh amz. 


We can now choose a and 6 so as to satisfy (7*42) and (7-43) atz = —h. 

At last we have got a particular example in which [uu;] is nut zero, and 
in which all the conditions we have prescribed are satisfied. 

We notice, from (3-6), that the eddy-viscosity function N is infinite. 

The presence of the hyperbolic functions in the above formulae is, of 
course, due to the uniformity of U. To obtain a case more like that of actual 
tidal currents we should require 17 to be such a function of z that [uw] was 
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proportional to z. The investigation of snch a function would require more 
elaborate mathematical methods than those used in this paper. 
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The kinetics of the thermal decomposition 
of acetophenone 

By R. E. Smith and C. N. Hinshklwood, F.R.S. 

{Received 16 Jvdy 1940) 

The meohanunns involved m the thennal deoomposition of aldehydes and 
ketones are varied, and the relations between them somewhat complex. In 
partieular, an mtoresting contrast m behaviour has recently been found 
between benzaldehyde and acetaldehyde. An investigation of acetophenone 
has therefore been made for comparison with acetone. 

The thennal decomposition of acetophenone takes place predominantly 
by the step C«HtCOCH,=C|H,CH, + CO, the toluene undergoing a subse¬ 
quent decomposition to give chiefly benzene, methane and carbon. It differs 
from that of acetone m yielding hardly any ketene. It is homogeneous and 
nearly of the first order, with no aharp falling off m rate at 20 mm. There is 
no retardation by nitnc oxide or by greatly increased surface, nor can an 
inoreaaed rate of decomposition be mduoed by the presenoe of radicals from 
decompoemg diethyl ether. This is taken as evidence for the absence of 
reaction ohains. In this respect the behaviour resembles that of acetone, 
but other differences in kinetics exist. These are briefly discussed. 

Introduction 

The homogeneous thermal decompositions of aldehydes and ketones 
appear to be of two types. One, generally accepted to depend upon a chain 
reaction, is inhibited by nitric oxide and occurs with benzaldehyde and 
with the higher aliphatic aldehydes: the other is not inhibited by nitric 
oxide and is believed by some, for this and other reasons, to depend upon 
an internal molecular rearrangement. It occurs as the sole type of 
mechanism with formaldehyde, acetaldehyde, chloral, acetone and methyl 
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ketone, and aooompanies the ohain reaction with the compounds mentioned 
above. 

The products are in general carbon monoxide and a molecule formed from 
the two residual radicals, though with acetone large quantities of ketene 
are formed and undergo secondary decomposition. 

The reaction of formaldehyde is of the second order, that of aoetone and 
that of benzaldehyde nearly of the first: acetaldehyde and propaidehyde 
seem to show a superposition of two or more mechanisms. 

The variety and complexity of behaviour, the unsettled differences of 
opinion about mechanism, and the unexpected contrast recently found 
between benzaldehyde and acetaldehyde (Smith and Hinshelwood 1940, 
other references here) provide reasons for filling in an existing gap, namely, 
the comparison of aoetone and acetophenone, by investigating the kinetics 
of the reaction of the latter. 

The exx>erimental method was the same as that used in the recent study 
of benziddehyde (Smith and Hinshelwood 1940). 


CoUBSB OF THK BBAOnON 

By analogy with acetone, the intermediate production of ketene might 
be expected; C^HjCOCH, = C,H*+CH,- CO. The amount of ketene was 
measured by withdrawing samples in a gas pipette, shaking with water and 
titrating with sodium hydroxide. 

Since ketene decomposes at approximately the same rate as aceto¬ 
phenone at equal concentration, its formation would lead to the building 
up of a considerable stationary concentration The amount formed is, 
however, at all times very small (table 1), and hence the proportion of 
acetophenone giving ketene as an intermediate product must also be small. 
This conclusion is verified by the analyses of the permanent gases (table 2), 
in which the percentage of carbon monoxide goes down and not up as the 
reaction proceeds, 

Tablb 1 

Pressure inoreaso in mm. 2S 60 60 110 ISO 

Pressure of ketene in mm 2 1 3-1 4-0 1-6 1-1 

Since the proportions of the products change during the course of the 
reaction there must be some secondary decomposition. From table 2 it can 
be seen that the ratio CH^/CO tends to a very small value in the initial 
stages, so that the methane must be formed by the decomposition of the 
intermediate product. Since this product is not in the permanent gas it 
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must be a benzene compound and is presumably toluene. Separate experi¬ 
ments have shown that toluene does decompose at this temperature, 
606° C (at a rate approximately twice that of acetophenone at equal 
concentration) to give the same products, methane, hydrogen and ethylene 
in the proportions 70:10:11, which are nearly the same as those found 
in the secondary decomposition with acetophenone. 

Tab^b 2 

% de- % % Ratio “/o % % 

oompoaed CO CH4 CHJCO C,!!, H. CO, 

19 78-6 13 2 0-168 3-7 6-S 1-8 

31 72-7 18 3 0-252 3-9 8-6 1 6 

63 71-9 18-9 0 263 2 8 4-2 2-2 

71 67-1 25-4 0-378 2-1 4 1 1-3 

92 63-6 27-9 0-439 1-8 6-0 0-7 

Since the ratio CH 4 /CO extrapolated to the beginning of the reaction is 
less than one-fifth of the final value, at least four-fifths of the acetophenone 
must yield toluene as an intermediate product. Hence the predominant 
course of the reaction seems to be. 

CH 3 CX)C,H 5 = CO -l-CH,C,Hj 
2CH,C,Hj = 2C,H, -)- CH 4 -I- C 

This hypothesis is further substantiated by the following observations: 

( 1 ) The ratio CH 4 /CO tends to 1/2 at the end of the reaction. 

(2) Carbon is deposited on the walls of the reaction vessel. 

(3) The pressure of the final products is 236-240 % of the initial pressure 
of acetophenone. The defect fix)m the theoretical value of 260 % is to be 
expected from the dead space of the system. 

The fraction of high boiling products can be determined by measuring 
the deviation from Charles’s law on cooling. Approximately 2 - 6 % of 
diphenyl, at the end point, estimated by this method is probably due to a 
subsequent reaction of the benzene. 

The possibility of changes in mechanism in the experimental ranges of 
temperature and pressure could not be neglected. Hence pressure-time 
curves for initial pressures of acetophenone from 60 to 160 mm. and for 
temperatures from 670 to 630° C were compared on adjusted time scales. 
They were found to be practically superimposable throughout their course 
BO that no change in the nature of the reaction is indicated. 

As a secondary decomposition exists, the pressure increase does not give, 
throughout the course of the reaction, an exact indication of the amount of 
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acetophenone decomposing. For this reason the initial rate of pressure in¬ 
crease has been used as the standard of rate. Actually, it was found that 
oompaiisons made by this standard did not differ much from those based 
upon the reciprocal of the time for a pressure increase of 25 or 50 % of the 
initial pressure. 

Kinbtics 

The thermal decomposition of acetophenone is homogeneous at 606° C 
and is very nearly of the first order (table 3). 


Tabm 3 


Unpacked reaction vaaael 

Packed reaction vessel 

P, 

l/p(dp/«ft)xlO* 

P, lfp{dp/dt) X 10* 

19 

1-62 

26 

1-61 

40 

1-83 

64 

1 86 

63 

1 84 

63 

1 79 

37 

l-O/S 

94 

1-94 

120 

2-4 

101 

2-30 

131 

2 1 

111 

2-14 

172 

2 28 

136 

1 99 

182 

2-3 

139 

2-08 

234 

2-35 

177 

2 33 

274 

2-40 

203 

2-24 

283 

27 

243 

2-46 

The activation 

energy, determined for an initial 

pressure of 150 mm. 

(table 5), is 70,000 cal. per g.mol. (by least squares). 



Tablb 4 



Pressure NO nun. 

llp{dp/dt)xlV 


00 

J-87 



0-2 

1-88 



04 

1 91 



1 0 

1-98 



20 

1 83 



60 

1 89 



10 

1 87 



17 

1 81 



24 

208 



30 

2 05 


No evidence for 

a chain reaction was found. The reaction is neither in- 


hibited nor appreciably accelerated by the addition of nitric oxide (table 4). 
No retardation (other than 4 % expected from the relatively increased dead 
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space) was found with a reaction vessel packed with small silica spheres, 
the much larger surface of which would be expected to break a fraction of 
any chains, especially at low pressures. Since the reaction is of the first 
order and not of the 3/2 order, a hypothetical cheun mechanism must, as 
with bensaldehyde, involve the unimolecular decomposition of one of the 
participating radicals. For example: 

CH,(X)C,H, - C,H,+CHjCO 

CHjCO =CH,+CO 

CHj + CHjCOCjH, = CHjCeH, + CO + CH, 

CH, + CH,CO =C,H,+CO 

Tablk 6 


\lp(dpldt) X 10* 
9-8 
4-77 
219 
1-26 
0-66 


Table 6 

Tim« (1) (2) 

mm. Ap 40 mm. other Ap 100 inm. acot 
2 13 2 

4 2S 4 

6 3« 0 

8 46 8 

10 81 11 

12 66 13 

14 HI 16 

10 64 17 

18 67 19 

20 09 20 


(l) + (2) Ap mixtvao 
16 19 

29 34 

42 47 

63 66 

62 64 

69 71 

76 77 

81 82 

86 86 

89 89 


Temi)erature 

“C 

630-6 

616 

606 

690 

676 


The decomposition of benzaldehyde, depending upon rather similar 
processes, is inhibited by nitric oxide. Such a mechanism, if it existed with 
acetophenone, would also be expected to suffer inhibition. 

The decomposition might mvolve fiee radicals, but in a non-oyolic set of 
reactions, though this does not seem likely since no ethane and little 
diphenyl were detected in the products. Decomposing diethyl ether, a 
known source of radicals, was mixed with acetophenone at 666° C; where 
the latter decomposes very slowly. Table 6 shows that the interaction does 
not increase the rate of pressure change. Hence, we conclude that methyl 
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radioals, whether they ooour free in the normal decomposition or not, could 
hardly stimulate a chain reaction in the acetophenone. Thus it seems 
probable that the absence of chains in acetophenone could be explained 
not only by the lack of initiating radioals but also by the non-ezistenoe of 
a suitable set of recurring reactions. 

The contrast in behaviour between acetaldehyde and benzaldehyde is 
not found with the corresponding pair acetone and acetophenone, neither 
of which show any evidence of giving a chain reaction. Two differences do, 
however, appear: acetone gives much more ketene than acetophenone; and 
the rate-initial pressure curves for the two substances, although both 
approximating to those of first order reactions, differ in detail. With 
acetophenone the curve does not become quite parallel to the pressure axis 
at the higher pressures, as with acetone, nor does it show the same rather 
rapid fall below 100 mm. These differences would be consistent with the 
theory of multiple modes of activation (Hinahelwood, Fletcher, Verhoek 
and Winkler 1934), though other explanations may exist. 

At 606 ° C and 100 mm. the value of l/p(dp/dO for acetophenone is 
2 -Ox 10-*: and for acetone 8*6x 10-», the difference being accounted for 
within the limits of accuracy by the change in activation energy. Those 
aldehyde decompositions which, according to our present view, are chain- 
ffee have considerably smaller activation energies than the ketone reactions * 
the absolute reaction rates are not correspondingly greater. The non- 
exponential term of the Arrhenius equation diminishes steadily from the 
ketones through benzaldehyde and the higher aliphatic aldehydes to 
formaldehyde, the trend being explained, according to the view referred to 
above, by the progressive simplification through this series of the internal 
activation mechanism governing the reaction. 


Bkfbbbncbs 

Huuhelwood, Fletcher, Verhoek and Winkler 1934 I’roc. Hoy. Soo. A, 14A, 3S7. 
Snuth and Hinahelwood 1940 Proc. Roy. Soc. A, 175, 131 (other references here). 



The poisoning of a palladium catalyst by 
carbon monoxide 

By M. G. T. Bubbows and W. H. Stogkbiaybb 
Leoline Jenkins Laboratories, Jesus College, Oxford 

(Communicated by D. L. Chapman, F.R.8.—Received 29 April 1940) 

The combination of hydrogen and oxygen on the surface of a palladium 
catalyst at low partial pressures at the temperature of the laboratory is 
completely inhibited by very small amounts of carbon monoxide. The 
poisoning effect is only temporary and, during the mduction periods, 
which are observed, the carbon monoxide is removed by the oxygen m the 
mixture of hydrogen and oxygen. After the mduction period combination 
proceeds at the normal rate. The length of tho mert pienods observed 
increases with tho amount of carbon monoxide initially added to the 
system, and the rate of removal of the carbon monoxide increases as its 
pressure decreases, and becomes comparatively very great when the carbon 
monoxide present does not exceed tho amount requiml to cover the surface 
of the metal. 

The observations recorded can be explained by a development of tho 
hypothesis of Do la Rivo that the catalysis of the reaction between hydrogen 
and oxygon, and between carbon monoxide and oxygen, involves tte alter¬ 
nate oxidation of tho metal and the reduction of the surface oxide by 
hydrogen or by carbon monoxide respectively. 

In 1934 Chapman and Gregory investigated the kinetics of the interaction 
of hydrogen and oxygen at low partial pressures of the gases and at the 
temperature of the laboratory. The results supported the hypothesis of 
De la Rive and Becquerel ( 1839 ), namely, that the production of water 
vapour was due to the alternate oxidation of the palladium and reduction 
of the oxide, formed on the surface, by hydrogen. 

As we shall show the kinetics of the interaction of carbon monoxide 
and oxygen also support the mechanism suggested by De la Rive, and 
recently one of us (M G. T. B.) has obtained independent and almost 
unequivocal evidence (which will be subsequently published) of the truth 
of the hypothesis. 

Chapman and Gregory observed incidentally, during the course of their 
research, a striking phenomenon which was explained by a working 
hypothesis shown subsequently by Cadwallader ( 1935 ) to be untenable. 
Nevertheless this hypothesis, although inapplicable to the case of hydrogen 
and oxygen, is almost certainly applicable to that of carbon monoxide 
and oxygen. 


[ 474 ] 
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It is important that the ohaervationB of Cetdwallader should be briefly 
described, since they demonstrate the supreme importance of removing 
from the internal surface of the glass apparatus traces of adsorbed and 
dissolved gas in work of this class. He describes a simple method of effecting 
this removal in oases where, owing to the presence of mercury and glass 
taps, the usual process of complete ‘outgassing’ is impracticable. 

Chapman and Gregory observed that, when the palladium was heated 
for a long time in hydrogen, it was rendered inert as a catalyst for the 
reaction between hydrogen and oxygen, but that on being allowed to 
stand for a long time in the presence of these gases, it suddenly and com¬ 
pletely recovered its catalytic activity. Furthermore, the paUadium which 
had been heated in hydrogen and then in a good vacuum behaved in the 
same manner. It was observed that the palladium could be reactivated 
by its exposure to oxygen. 

Cadwallader, with an apparatus which had been constructed and cleaned 
with the usual precautions, repeated and confirmed the above observations 
of Chapman and Gregory. But, as his results were irregular, he decided to 
try the effect of passing the silent discharge alternately through hydrogen 
and oxygen contained in the apparatus. During the passage of the discharge 
through both gases condensible vapours coUected in the liquid air traps, 
at first rather rapidly, but after several days’ treatment, very slowly. 
After this treatment of the apparatus induction periods were no longer 
observed after the catalyst had been heated in hydrogen. 

He therefore surmised that carbon dioxide adsorbed by the glass gradu¬ 
ally escaped; was not entirely held back in the liquid air trap—its vapour 
pressure at the temperature of liquid air is approaching 10~* mm. of mer¬ 
cury—and was reduced to the poison carbon monoxide by hydrogen in 
contact with the red-hot palladium. This was confirmed by showing that 
carbon monoxide, at a partial pressure too small to be measured with 
the McLeod gauge, in electrolytic gas caused induction ^leriods of the same 
character as those observed by Chapman and Gregory. It was, of course, 
necessary to assume that carbon monoxide is removed from the surface 
of the palladium and from the apparatus during the induction period by 
the oxygen in the electrolytic gas. 

In the present communication an account is given of an investigation 
of the poisoning effect of carbon monoxide on the hydrogen-oxygen reaction 
at a palladium surface. 
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Expbsimsntai. 

The apparatus was similar to that employed by Chapman and Gregory. 
It consisted essentially of a reaction vessel protected by two liquid air 
traps; six gas reservoirs; a pressure adjuster and sources of hydrogen, 
oxygen and carbon monoxide. Pressure measurements were made on a 
McLeod gauge. Exhaustion was effected by a pumping system consiating 
of a mercury vapour pump backed by an automatic Sprengel pump. The 
various units were connected to the leads through mercury seals. 

The reaction vessel, which was made of quartz, was connected to the 
rest of the apparatus by means of a ground joint lubricated with a mixture 
of meta- and orthophosphorio acids. A glass tap, lubricated with the same 
mixture, as described by Chapman and Moignard ( 1937 ), was inserted 
between the two liquid air traps. 

The catalyst, which lay in the reaction vessel, was a thin strip of palla¬ 
dium foil 11 ram. long, 1 mm. wide and 0*03 mm. thick. 

Two capillary reservoirs of known volume were used for the isolation 
of small amounts of carbon monoxide. The gas enclosed in them could be 
let into the leads, and from thence into the reaction vessel by sucking 
down the mercury which closed their entrances. 

Hydrogen was prepared in a pure state by diffusion of hydrogen, pre¬ 
pared in a Kipp’s generator from arsenic-free zinc and pure sulphuric 
acid, through a heated palladium thimble. 

Oxygen was prepared by heating dry reorystallized potassium per¬ 
manganate. The oxygen was collected in a large reservoir filled with sticks 
of potash, and it was admitted to the apparatus through a U-tube sur¬ 
rounded with liquid air 

A pressure adjuster was used to mix the gases in the correct proportions. 
The mixtures were stored in the gas reservoirs. 

Carbon monoxide was prepared by heating an intimate mixture of sodium 
formate and metaphosphoric acid. Purification was effected by leaving 
over potash and cooling to the temperature of liquid air. 

After evacuation of the apparatus the interior of the glass was cleaned 
by passing an electric discharge alternately through oxygen at O-S mm. 
pressure and hydrogen at 1 mm. pressure contained in the apparatus. 
This process eliminated impiuities which, if not removed in the trap 
surrounded with liquid air, would have poisoned the catalyst. The palla¬ 
dium was rendered active by its being heated in oxygen at 700“ C. 

After the carbon monoxide had been shut up in the capillary reservoirs 
at a known pressure, the leads were evacuated and thoroughly washed out 
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with electrolytic gas. On letting the carbon monoxide out of either of 
these reservoirs, its pressure was too small to be measured on the McLeod 
gauge; but it could be calculated, since the ratio of the volume of the 
capillary reservoir to the leads was known. 

Sufficient carbon monoxide to give a monumolecular layer of adsorbed 
carbon monoxide on the palladium catalyst would give a pressure of 
8-3 X 10~* mm. in the leads, or 5*2 x 10^ mm. in the leads and reaction 
vessel. For the purposes of calculation it was assumed that there was a 
chequer-board arrangement of tangent carbon monoxide molecules on the 
surface of the palladium, so that the area covered per molecule would be 
the square of the molecular diameter. From published data Jeans ( 1916 ) 
gives 3-78 X 10~* cm. as the best value for the diameter of a carbon monoxide 
molecule. From this value it was calculated that 1-6 x 10 ^* molecules 
would completely cover the surface of the catalyst which was 22*7 sq. mm. 
in area. 

The induetum periods observed after exposure of the paUadium 
catalyst to carbon monoxide 

In the majority of the experiments the catalyst was exposed to carbon 
monoxide for a ^ed time, electrolytic gas was then introduced and pres¬ 
sure readings taken at frequent intervals. 

In a typical experiment the catalyst was exposed to oubon monoxide 
for 3 hr. Electrolytic gas was then added at a pressure of 0*1 mm. and 
pressure readings taken every 2 min. No fall in pressure took place for 
15 min., then reaction began and proceeded at the normal rate. The 
partial pressure of the carbon monoxide in the leads and reaction vessel 
was 4-4X 10 -‘ mm. corresponding to 8*5 ‘layers’. The results of other 
experiments are plotted in the diagram below. 

That the carbon monoxide was removed from the system by the oxygen 
present in the electrolytic gas was demonstrated by the following experi¬ 
ments. Mixtures of a small amoimt of carbon monoxide and oxygen, and 
of a small amoimt of carbon monoxide and hydrogen, were shut up in the 
reaction vessel and hydrogen and oxygen respectively admitted to the 
leads. After leaving for a suitable tune the seal to the reaction vessel was 
lowered and pressure measurements taken in the normal manner. 

Induction periods were only observed when the mixture enclosed in the 
reaction vessel was carbon monoxide and hydrogen. When the mixture en¬ 
closed in the reaction vessel was carbon monoxide and oxygen aU the carbon 
monoxide had combined with the oxygen before the hydrogen was added. 

When the constituents of electrolytic gas combine in the presence of the 
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oati^yst its surfaoe is liable to be oxidized after the reaction has stopped. 
On exposure of the metal to carbon monoxide some of the carbon mor^nxide 
is removed in reducing this oxide and, in consequence, the length of the 
induction period is lower than it would have been if the surfaoe of the 
metal had been unoxidized. Therefore the palladium was always exposed 



Exporiinent I. Initial presauro of carbon monoxide s= 0 78 x 10-» mm., oorrceponding 
to 1-8 layers. Induction period = 2'6 mm. 

Experiment II. Imtial pressure of carbon monoxule = 1 00 x 10“* mm., corresponding 
to 3 layora. Induction penod = 13 mm. 

Experiment III. Imtial pressure of carbon monoxide = 2'6 x 10”* mm., corresponding 
to 5 layers. Induction period = 30 5 min. 

Experiment IV. Imtial pressure of carbon monoxide = 3 64 x 10"* mm., corresponding 
to 7 layers. Induction period = 48 6 mm. 

to cold hydrogen before carrying out an experiment to measure the length 
of an induction period. That superficial oxidation of the catalyst occurs when 
it is exposed to oxygen for a short tune is demonstrated by the experi¬ 
ments quoted below. The pressure of the electrolytic gas used was O’l mm. 

Catalyst exposed to oxygon for 1 hr.. Catalyst exposed to hydrogen for 1 hr., 
oxygen pumped off, then catalyst hyiwgen pumped off, then catalyst 

exposed to carbon tnonoxido ipres- exposed to carbon monoxide (pres¬ 
sure 3-3 X 10-» mm.). sure 3-2 x 10-» mm.). 

Induction penod s 2-9 mm. Induction penod = 10-3 mm 
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The length of the inert period induced by expoeure of the palladium to 
carbon monoxide increases with the amount of carbon monoxide intro¬ 
duced. The rate of removal of carbon monoxide decreases as its pressure 
increases. When the amount of carbon monoxide is small the rate of its 
removal becomes comparatively very great. This is indicated by the sharp 
ending of the induction periods. 

At first some difficulty was experienced in obtaining reproducible in¬ 
duction periods due to the atdsorption of carbon monoxide on the walls of 
the traps cooled to the temperature of liquid oxygen. We found, however, 
that this source of error could be eliminated by covering the cooled surface 
with a thin layer of ice, on which carbon monoxide is not appreciably 
adsorbed. The covering of the cooled surface with ice was easily effected by 
the condensation of water vapour formed m the reaction vessel ficom oxygen 
and hydrogen, s.. 

The smallest amount of carbon monoxide which can entirely prevent 
reaction was found to be of the order of a monomolecular layer. This 
indicates that, to deprive the metal completely of its catalytic activity, 
the whole of the palladium surffice must be covered with carbon monoxide. 

In the experiments quoted below the catalyst was exposed to the carbon 
monoxide for ^ hr. and then electrolytic gas let into the reaction vessel at 
a pressure of 0-02 mm. The temperature during the experiments was 20° C. 


Prossure of CO 
used m initial 

Number of exposure 

experiment nun. 


1 1-924 xl0-» 

2 2-444 X 10-* 

3 2-912 X 10-‘ 

4 3-603 X 10-* 

« 4 68 X 10-» 

6 6-406x10-* 

7 8-964 X 10-* 

8 6-76 xl0-» 

9 8 84 X 10-* 

10 13-82 X 10-* 

11 13-82 X 10-* 

12 22-06 xlO-* 


Induction period in nun. 

Calculated Calculated 
using equation using equation 
Observed (1) given below (2) given below 

3-6 3 6 3-2 

6 6-1 4-8 

6 6 6-8 6-4 

10 6 10 0 9-7 

13 78 18 1 14 8 

17 76 19 4 19-3 

24-28 23-2 23-2 

26 29-0 29 1 

62 47-8 48-1 

107-6 108-8 108-2 

113 108-8 108-2 

284 8 294 6 280-0 


The times of the induction periods were calculated from the power series 
< = a + 6p+cp* + dp», (1) 
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where t ia the time in minutes and p the preseure. The constants were 
calculated by the method of least squares and found to be 

o=-0*07, 6 = 9-44x10*, c = 4-666 xl0», d = 4-42 x 10“ 

Attention must be drawn to the fact that the above empirical formula 
cannot be used for the purpose of extrapolation to zero time, since the 
constants o and 6 are appreciably affected by the results of the experiments 
performed with moderate and high initial pressures of carbon monoxide. 

For initial pressures of carbon monoxide exceeding 2-6 x 10“* mm. the 
simpler empirical formula 

t = ap+bp', (2) 


in which a = 6-04 x 10* and 6 = 6-474 x 10* was found to be in good agree¬ 
ment with the experimental results. 

The decrease in the rate of removal of carbon monoxide as its pressure 
increases was also shown in numerous other series of determinations. 

A summary of another typical set of observations carried out at 20® C 
using a lower pressure (0-006 mm.) of electrolytic gas diiring the induction 
period is given below. 


Initial pressure of 
carbon monoxide 
in the leads and 
Number of reaction vessel 
experiment nun. 


1 0-52 X 10 ‘1 

2 104x10-* 1 

3 1-66x10-*M 

4 2-08 X 10-*y 

6 3-12xl0-*( 

6 416xl0-*{ 

7 6-2 xl0-*J 


Pressure 

difference 

nun. 

1 04 X 10-* 
1-04 x 10* 
1-04x10-* 
104x10-* 
1 04X10* 


Induction 
period m 
mm. 



Difference 
m the 
induction 
periods 

7 

11-5 

20-6 

28 

27 


It will be seen that at the lowest pressure of carbon monoxide an increase 
of pressure of 1-04 x 10-* mm. caused an increase in the induction period 
of 7 min., whereas at the highest pressure of carbon monoxide an mcrease 
of pressure of the same magnitude resulted in an induction period 27 min. 
longer. 

To confirm the above conclusion a number of experiments were carried 
out in which the catalyst was exposed to a constant amount of cubon 
monoxide, but, in certain cases, the partial pressure of carbon monoxide 
was reduced. This was effected by opening one or more of the gas reservoirs. 
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The decrease in the partial pressure of carbon monoxide due to the increase 
in volume reduced the length of the resulting induction period. 

The pressure of electrolytic gas during the induction period was kept 
constant at 0-02 mm. and the temperature maintained at 20° C. 

Induction ponod 
Volume in min. 

1 60S 

1 S6-6 

2 60-2 

1 66-2 

1 66-5 

1 61-8 

1 61 

2 S3 

1 64 

2 65 5 

1 66-7 

2 62 

1 182 

2 139 

1 183 4 

2 164-2 

In the experiments quoted above the initial amount of carbon monoxide 
was kept constant during the course of each group of determinations. 

Thus it was found that an increase in the pressure of the electrolytic gas 
resulted in a decrease in the length of the induction [leriud. h'urthermore, 
with mixtures of the gases not in combining proportions, if the partial 
pressure of the oxygen was kept constant, the length of the inert period 
induced by exposure to carbon monoxide was independent of the partial 
pressure of hydrogen If, however, the partial pressure of oxygen was 
increased, that of the hydrogen being kept constant, the length of the 
induction period was considerably diminished. These results prove that it 
is the oxygen in the electrolytic mixture which removes the carbon 
monoxide from the system. (See table below.) 

Variations in temperature have a considerable effect on the length of the 
induction periods. Increasing the temperature reduces the length of the 
induction period as might be expected. 

When mixtures of carbon monoxide and electrolytic gas were admitted 
to the reaction vessel (to which no carbon monoxide had previously been 
added) a small but measurable amount of combination occurred during the 
first minute but thereafter there was a definite induction period at the end 
of which reaction proceeded at the normal rate. This shows that a complete 


Number of 
experiment 



482 


M. G. T. Burrows and W. H. Stockmayer 

layer of carbon monoxide ia formed on the catalyst surface in a very short 
time. Details of an experiment are given below: A mixture of 5*564 x 10"* 
mm. of carbon monoxide and 0*1 mm. of electrolytic gas was let into the 
reaction vessel (temperature = 17*5“ C). The pressure fall during the first 
minu te was 5*65 x IQ-* mm.; thereailmr reaction was prevented for 31 min. 
and then combination took place at a rate corresponding to a pressure fall 
of 25*4 X 10~* mm. per min. 

Partial preaaure 

Premure of of hydrogen, 

carbon monoxide partial pressure Induction 

Number of mitially present of oxygen period in 

experiment mm. being umty min. 

1 3 12x10-* 2 80-6 

2 3 12x10-* 1 285 

3 3 12x 10-* 2 27-6 

4 3 12x10-* 1 32-5 

Partial pressure 
Pressure of of oxygon, 

carbon monoxide partial pressure Induction 

Number of initially present of hydrogen period in 
experiment mm. being unity mm. 

1 312x10-* i 88 

2 3 12x10-* i 38-4 

3 312x10-* i 56 

4 3 12x10-* i 36 4 

The results recorded in this communication can be explained by the 
hypothesis of De la Rive with one or two additional assumptions con¬ 
cerning the adsorptive properties of the metal. 

As already stated, De la Rive postulated that the water formed when 
hydrogen and oxygen are brought into contact with the metal results 
from the reduction of the previously formed oxide. Similarly it must be 
assumed that the carbon dioxide produced when carbon monoxide and 
oxygen are brought into contact with the metal results from the reduction 
of the oxide of the metal by carbon monoxide. 

To explain the observeil phenomena we must also make the assumption 
that, when an amount of carbon monoxide a little greater than that 
required to form a monomolecular layer of the gas on the surface of the 
metal is mtroduced into the apparatus, it is nearly all adsorbed to form 
a layer of gas over the complete surface, so compact that only very occa¬ 
sionally is a molecule of oxygen able to come within the range of the 
valency forces of the metal so as to form with the latter palladium oxide. 
Accordingly both water vapour and carbon dioxide could be formed only 
very slowly. Moreover, as the pressure of the carbon monoxide in the 
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apparatus is increased, the layer of carbon monoxide on the surface becomes 
more compact and the rate of formation of carbon dioxide is thereby 
diminished. Furthermore, when the carbon monoxide present is less than 
a monomolecular layer, its rate of removid by oxygen becomes very rapid 
owing to the fact that oxide can be formed on the surface left free, and 
consequently the rate of formation of water from electroljrtio gas quickly 
attains its maximum value. 

In conclusion we should like to thank Mr D L. Chapman, F.R.S., for 
his valuable advice and interest during the course of this investigation; 
and also to express our gratitude to the Department of Scientiho and 
Industrial Research for a maintenance grant made to one of us (M. Q. T. B.). 

^ SUBIMABY 

1 . Very small amounts of carbon monoxide completely inhibit the 
combination of hydrogen and oxygen at the surface of a palla^um catalyst. 

2 . Carbon monoxide is a temporary poison. It is removed by the 
oxygen in the mixtures of hydrogen and oxygen. 

3. When reaction begins, after an induction period, the maximum rate 
is rapidly attained. 

4. The length of the induction period increases with increase in the 
amount of carbon monoxide admitted to the apparatus, but the rate of 
removal of carbon monoxide from the system decreases with increase in 
its pressure. 

5. The length of the induction period decreases with increase in the 
pressure of electrolytic gas, and for non-electrolytic mixtures the length 
of the induction period is independent of the pressure of hydrogen, but 
decreases with increase in the pressure of oxygen. 

6 . The length of the inert period induced by a given amount of carbon 
monoxide decreases with rise in the temperature. 

7. The observations recorded during the course of this investigation 
are in agreement with the theory that the catalysis is a process of alternate 
oxidation and reduction of the metal as first suggested by De la Rive. 
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Investigations on the vibration spectra of certain 
condensed gases at the temperature of 
liquid nitrogen 
I. Experimental methods 

A. INFRA-RED SPECTRA 

By G. K. T. Conn, E. Lkh and G. B. B. M. Suthkbland 
Laboratory of Physical Chemistry, Cambridge 

(Communicated by R. 0. W. Norrish, F.B.S.—Received 10 May 1940) 

A desonption is given of experimental methods which have boon developed 
for the investigation of infra-red and of Raman spectra at the temperature 
of liquid nitrogen. The infra-red spectrometer is essentially the Pfimd- 
fiamtw type, but it has been found possible to dispense with the fore-prism 
and to separate the overlapping orders from the grating by means of filter 
shutters. The spectrometer is used as a monochromator so that the radia¬ 
tion only enters the absorption cell after it has been through tlie difiraction 
train. The absorption cell lias boon designed so that it may bo usetl for high 
as well as low temperatures. Tlie aiiparatus for the Raman effect is a modifica¬ 
tion of that introduced by De Homptinne, being especially suitable for the 
examination of small quantities of material. 

The infra-red spectrometer described here was designed with two main 
objects in view. The first was the investigation of molecules in the gaseous 
state, at ordinary temperatures, in order to determine their configuration, 
dimensions and internal force fields; the second was the study of thin layers 
of solidified gases at low temperatures, primarily in order to obtain evidence 
for or against the hypothesis of rotation in the solid state, but more 
broadly, to study the change in the spectrum which occurs with a change 
of state and at a transition pomt. The instrument is limited by the gratings 
at present available to the range from 1 to 25/f. It is based on the Pfund- 
Bames (Pfund 1927 ; Barnes 1930 ) optical system, but there are several 
points in plan and technique of operation which we have developed for 
our own particular needs. 

The plan of the instrument is illustrated in figure 1 . The vertical Nemst 
glower, N, is focused on the entrance slit and the parabolic mirror 
produces a parallel beam which is dispersed by the grating O. Reflected 
rays falling on are brought to a focus at by a mirror M^, similar 
[ 484 ] 
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to if,. The plane slotted mirrors if, and if, are used so that radiation 
travels only along the axes of if, and if, thus minimizing distortion. By 
rotating the grating, the wave-length of the light focused on S, may be 
varied. The monoohromatio radiation from is now made to converge 
and travel vertically downwards into the absorption cell by mirrors if, 
and iff; from the cell it is reflected on to if,, focused by if, on to the 
entrance slit of the thermocouple holder and finally on to the thermocouple 
by the short focus mirror if^,. 



The mirrors are all aluminized. The aperture ratio of if, and if, is 1/5 
and their diameters 6 in. Up to the present, four gratings have been 
employed, having (a) 1200, ( 6 j) 4800, ( 6 ,) 4800, (c) 7200 lines to the inch. 
The first two were ruled for us at the Umversity of Michigan by Professor 
E. P. Barker, the former on tin and the latter on nickel. The other two are 
of a different type, for which we are indebted to Professor R. W. Wood of 
the Johns Hopkins University, Baltimore. These have been ruled on an 
aluminized glass flat and are much loss expensive to make. With these 
gratings we have covered the spectrum from the visible to about l 6 /t 
with slit widths of the order of I cra.~^, except when working far from the 
blaze angle of the gratmg, or in regions of strong atmospheric absorption. 

In the first work carried out with the spectrometer (C-onn and Sutherland 
1939 ) a fore-prism was always used in front of the entrance slit to 
produce an initial low dispersion which separated fairly well the radiation 
under investigation from radiation of higher orders, i.e. shorter wave¬ 
length. For some of the later work (Lee and Wu 1939 ) a more convenient 
filter method has been employed. Though it is very difficult to find filters 
which are opaque to short waves and yet will transmit in longer wave¬ 
length regions, it is well known that certain easily obtainable materials 
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will transmit all bat a few per cent of the short waves and completely 
stop the longer waves. The incomplete transmission of the short-wave 
energy is due to the reflexions at the two surfaces of the Alter and may be 
compensated for by introducing a second shutter (on removing the first) 
which reflects the same amount of the short-wave energy. Thus in the 
r^on of 3-4/1 a Pyrex shutter (A in figure 1) 1 cm. thick used in con¬ 
junction with a glass cover-slip 0'15 mm. thick was found to be much more 
efficient than the fore-prism method. A gain in intensity of the mder of 
100 % was achieved since losses due to absorption of the rook salt and to 
various additional reflexions hsd been ehminated. Difficulties due to 
poor dispersion of the rock-salt prism in the region are also obviated. For 
the region firom 4-5/t we have used fused silica shutters of 6 and 2 mm. 
thickness together with a compensating plate of sylvine, and we hope to 
extend this method to cover the whole range of the instrument using 
various thicknesses of suitable materials. 

Originally, the absorption cell followed the fore-prism in front of the 
entrance slit but the large amount of energy falling on the solidified 
gas caused heating and evaporation. In the present urangement only the 
radiation of the particular wave-length where the absorption is being 
measured comes into the absorption cell and so such effects have been 
minimized. Again, when the fore-prism is used and a selected region of the 
prism spectrum is focused on S^, the new arrangement has the additional 
advantage that many of the troublesome effects due to distortion of the 
slit image, produced in the absorption train, are avoided. 


Tuk absorption oeix. 

The construction of an absorption cell for gasm in the infra-red is simple 
and obvious and does not invite separate description so long as one is 
concerned with ordinary temperatures. As soon as we wish to raise or 
lower the temperature, appreciable difficulties arise. The type we used is 
shown in figure 2. It was primarily designed for the examination of solid 
layers at liquid air temperatures but it is equally suitable for gases at 
moderately high or low temperatures. It consists of a pyrex tube 7 cm. 
wide into one end of which a flat pyrex plate P has been sealed. This is 
silvered on the inside, the other end having a wide flange ground flat to 
take the cell window. The silvering is carried out by sputtering, using a 
discharge in argon at a suitable low pressure. The ceU is inverted over a 
small brass table supporting insulated electrodes, the cathode consisting 
of a silver disc about half lui inch from the pyrex flat. Apiezon Q compound 
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is preeaed round the flange and the cell is evacuated before letting in argon 
to carry the discharge. Using 3000 V between the electrodes a cathode 
dark spaoe of about 1 cm. and a current of a few milliamperes, an opaque, 
highly reflecting mirror is obtained in about 10 min. Earlier attempts to 
get a good mirror by chemical methods were very unsatisfactory. 

Owing to the size of the cell and the difficulty in obtaining large windows 
of rook salt, the following method was used to fix the window. A brass 
plate with a hole 4<6 cm. square out in it is waxed on to the flange. The 
square rock-salt plate with a side of 6 cm. is then secured to the brass 
plate, poroenam paint being used to make the joint tight. The reasons 
for this composite window are (a) that it enables nearly the full aperture 
of the rock-salt window to be used and (6) that the window can be removed 
without injury to the rock-salt plate, as only the glass metal join is affected. 
There are twdiside limbs, the first to conduct the gas under examination 
and the second for the leads of a thermocouple which is hard soldered on 
to a piece of tungsten fused into the surface of the silvered base about 
8 mm. from the side.* The advantage of this type of cell is that, being 
vertical, the lower part may readily be immersed in a constant temperature 
bath. Up to the present we have only used liquid air as the bath, or else 
worked with the cell at ordinary temperatures. In the former case, we 
have occasionally experienced trouble liom the condensation of water 
vapour on the rock-salt window, but this has been overcome by having a 
small heating coil wrapped around the cell, just below the flange. In order 
to obtain *oell out’ readings for the estimation of percentage absorption, 
an additional plane mirror ^11 is swung into the path of the beam. This 
mirror reflects the radiation on to an adjustable vertical mirror Jfj,, 
which returns it to the inclined mirror and into the original path of the 
beam from the cell. If desired, a compensating plate of the same material 
as that used for the cell window may be put in at R. The fact that this 
arrangement requires one window (or two at most) as against two (or four) 
of the conventional absorption train, is important, as such windows are 
expensive. 

Figure 2 also shows the principle of the method used to control the level 
of the liquid air which is, of course, continually boiling away. The lower 
half of the Dewar flask contains a wide pyrex cylinder C open at the 
bottom and connected to the narrow vertical tube T. This can be raised 
or lowered by a simple ratchet arrangement which brings the orifice to any 
required distance below the surface of the oil in the cylinder O. A copper 

* Actually for the work described in the two following papers no thermocouple 
was used as we confined our attention to liquid nitrogen temperatures. 



488 G. K. T. C!onn, E. Lee and G. B. B. M. Sutherland 

wire If runs from outside the Dewar flask into the liquid air in C. As the 
liquid air evaporates, a pressure is built up inside C which is controlled 
by the depth of the end of tube T below the oil surface. When the level of 
the liquid around the absorption cell falls slightly, T is lowered and liquid 
air is forced out of C, thus rapidly raising the level in the Dewar flask. 



The detbctob system 

We use a vacuum thermocouple of the Pfund type (Pfund 1937) specially 
constructed for us at the University of Michigan. The components used 
are bismuth/antunony and bismuth/tin alloys. The vacuum is maintained 
by a charcoal trap cooled in liquid air. The current from the thermocouple 
is taken through the shielded wires to a Kipp and Zonen Zc moving-coil 
galvanometer, the deflexions of which are amplified by an arrangement 
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which combines the grid scheme mentioned by Pfimd (Pfund 1929) with 
the photo-cell relay of Hill (Hill 1934), Jones (Jones 1934) and others. 
It is illustrated in figure 3. 

The mirror of the primary galvanometer, whose defiexion we wish to 
measure, is M. An image of the lamp filament F is focused by lenses 
Ly, L^on to M and an image of the grid is produced on a second grid . 
The bars and slots of 0^ are each 2 mm. wide and 4 cm. long and there 
are twelve slots altogether. Gj is identical with G^ except that the middle 
bar is made 4 mm. wide. K, when the image of G| is superposed on G, 
one-half of the spaces coincide, so that light passes through one-half of G,, 
then the other half of G, will transmit no light. A biprism behind G, 
separates the light from the two halves and the lens focuses the two 
beams on to two photo-cells P^, connected in series and in opposition. 
The output k£ these cells is fed into a galvanometer of moderate sensitivity 
(10~® amp./mm. at 1 m.). The amplification produced can be conveniently 



Figxtke 3. Photoolootrio amplifier. 


varied over a range wide enough for our purpose by altering the intensity 
of the light source by a variable resistance in series with it. We normally 
use an amplification of about 400, which would give a zero variation due 
to Brownian motion of the order of 6 mm. if the primary galvanometer 
were used critically damped. It has been found less arduous, however, to 
use the primary galvanometer rather over-damped by mcreasing the 
magnetic field. Although this increases the time of swing, there is a gain 
in both sensitivity and steadmess which amply compensates for this 
slight disadvantage. The linearity of the amplifier was carefully tested 
and found to be satisfactory as long as one was working inside the middle 
two-thirds of the total throw of the secondary galvanometer caused by 
one grid division defiexion of the primary galvanometer. ITie grid G, was 
mounted with a horizontal motion controlled by a fine pitch screw for 
adjustment of the ‘zero position’ of the secondary galvanometer spot so 
that defiexions always lay m this linear range. Because of the high 
sensitivity of this s3rBtem to stray electrical and thermal disturbances 
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great oare was taken to shield it from such effects. In this connexion it was 
foimd to be extremely helpful to insert a window W over the slit 8^ at the 
entrance to the thermocouple housing. When working in the region 
the shutter consisted of a very thin piece of fused silica while for longer 
wave-lengths thin fluorite or rock-salt plates were employed. By this 
means all stray radiation of wave-length longer than that passed by the 
shutter was excluded fixim the thermocouple. 8 moe the maximum of 
ordinary temperature radiation is in the neighbourhood of lO/t this was 
most effective for wave-lengths up to about 8 /*, but even for longer wave¬ 
lengths it was helpful, particularly in excluding draughts. All of the 
apparatus (except the absorption cell) was enclosed in oelotex boarding. 

Calibbation 

The instrument was calibrated by plotting the 3‘4/i fundamental 
absorption band of hydrochloric acid gas. This has been very carefully 
recorded by Levin and Meyer (Levin and Meyer 1929 ) and affords the 
nearest approach to an absolute wave-length standard for this region of 
the infra-red. Three different gratin^i had to be calibrated, viz. a grating 
with 7200 lines to the inch used for wave-lengths of 3’6/t and under, a 
grating with 4800 lines to the inch used between 3-5 and 6 /t and a grating 
with 1200 lines to the inch used for all wave-lengths greater than 0 /t. For 
the two finer gratings the absorption of the HCl was directly plotted using 
a sufficiently narrow slit to sepuate the isotopic doublets. The values found 
for the grating constant k m the equation A — ifc sin 0 were 10-1832 ± 0-0005 
and 6-7900 ± 0-0004 for the 4800 and the 7200 gratings respectively. It 
will be noticed that the relation 

^48oa = l*7»o. 

is not exactly fulfilled. This is due to a slight curvature of the 7200 grating 
which necessitated a small adjustment in the position of the mirror 
when this grating was inserted. The value of k for the 1200 grating was 
found from the relation 

^isoo ™ ^^4800 - 

It should be added that in the first equation A is given in /t and 0 is 
the angle between the zero position of the grating (corresponding to 
specular reflexion) and the position which puts the desired wave-length A 
on the exit slit. With regard to the performance of the instrument it may 
be stated that slit widths corresponding to about 1 cm."^ can be used 
everywhere except in the r^ons of very strong atmospheric absorption. 
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This meant working with galvanometer deflexions of the order of 30 cm. 
in which the uncertainty was not more than 0-5 cm. In certain favourable 
r^ons slit widths of 0-6 cm have been used but this may be r^;arded 
as about the limit of the present set up. 

The construction of this instrument would never have been possible 
but for the benevolent interest of two institutions, the assistance of which 
one of us (G.B.B.M.S.) now wishes to acknowledge very warmly. A 
Government Grant of the Royal Society provided for three of the four 
gratings. The Bouse Ball Foundation of Trinity College provided for the 
mirrors, the fourth grating and several indispensable plates of rock salt 
and sylvine necessary for the absorption cells. One of us (G.K.T.C.) is 
indebted to the Department of Soientiflo and Industrial Research and to 
Sidney Suss^ College for maintenance grants. 
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B. RAMAN SPECTRA 

By G. B. B. M. Suthbeland and Chenq-Kai Wu 

The special Dewar vessel used (figure 4) is a modification of a tjrpe 
introduced by De Hemptinne (De Hemptmne and others 1938 ) for the 
study of liquids at low temperatures, in which we have turned the scattering 
column into the vertical position. This makes the apparatus just as suitable 
for solids as for liquids and more suitable than De Hemptinne’s when only 
a small quantity of the substance under examination is available. The 
refiigercuit is put in the outer tube B and the substance under examination 
is introduced directly into the inner tube A. The temperature is controlled 
both by the temperature of the refrigerant chosen and also by the thermal 
contact between the refrigerant and the substance in ^4. In the latter 
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method the solid is put into a still narrower observation tube inside A and 
thermal contact made with the refrigerant in B by having a suitable 
amount of petrol ether in A. Only the upper part of the Dewar is silvered. 
The narrow end is jacketed and by means of a simple self-ciroulating 
system is kept from being warmed by the heat from the mercury arc. 
The liquid which was circulated by convection was a saturated solution of 
cobalt sulphate in water. This is very effective in absorbing all radiation 
of wave-length greater than 4360 A and in cutting down the continuous 
background which militates so much against the observation of very 
weak lines. 



Figube 4. Apporatxia for obtaining Raman spectra at low temperatures. 

In the work reported in the following paper on HCl we actually kept 
everything at liquid nitrogen temperature. The HCl was condensed first 
as a liquid and subsequently solidified. This was found to be necessary in 
order to get a satisfactory mass of scattering material. To be certain of its 
being always at liquid nitrogen temperatures, the HCl was contained in a 
small observation tube which was put inside A, the latter also being well 
filled with liquid nitrogen. The scattered light was refiected into the 
spectrograph by means of a right-angle prism. Several stops were used to 
ensure that the minimum amount of refiected light entered the slit. The 
spectrograph employed was the Hilger E 436 instrument having an aperture 
//3. The plates were Agfa Isopan I.S.8. which were rapid, free from halation 
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and Boffioiently fine-grained. The meronry are need was a Hanovia 160 W 
lamp with oxide coated electrodes. It gave a few weak lines in addition 
to the mercury lines but these were not troublesome. It was placed at one 
focus of an elUptioal mirror and the Raman observation tube at the other. 
The wave-lengths of the Raman Imes were determined by a Hartmann 
interpolation formula and also checked against standard iron arc lines. 
The frequencies recorded cannot be in error by more than 6 om.~^. 

Rkvebenok 
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Investigations on the vibration spectra of certain 
condensed gases at the temperature of 
liquid nitrogen 

II. The infra-red and Raman spectra of hydro- 
and deuterochloric acid at liquid 
nitrogen temperatures 

By E. Lee, G. B. B. M. Suthbblakd and Chebg-Kai Wtt 
(Communicated by R. O. W. Norrieh, F.R.8.—Received 10 May 1940) 

The infra-red absorption speotnim of sohd hydroohlono aoid has been 
obtained at the temperature of liquid nitrogen (i.e. approximately 20 ” below 
its transition point), in the region of tho fundamental frequency. The 
results obtomed agree in general with the earlier observations of Uettner 
and disagree with those of Shearm who reported discrete rotation lines. 
The doublet bcmd observed by Hettner has been resolved into two separate 
bands with maxima at 2701 and 2744 om.-* and mdieations of a third band 
were obtomed. Some fine structure very different from that reported by 
Sbeann was observed on each of the two bands which were unsymmetriool 
in shape, being steeper on tho low frequency side. The Bomon qieotrum was 
obtained at the sune temperature and also showed a doublet struoture in 
contrast to earlier observations at higher temperatures which had given 
only a single line. The maxima of the Raman lines lay at 2700 and 2760 om.-*. 
The explanation of this doubling is to be sought in the manner in which the 
hydroohlono acid molecules associate m the sohd state, smoe the alteration 
in the fundamental frequency from that found m the gaseous state shows 
that strong mteraotion must exist. The absorption due to the ftmdamental 
frequency of deuteroohlono aoid was observed under the some conditions. 
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Here three maxima were obtained at 1966, 1982 and 1992 om.~* and in¬ 
dications of more structure. These results show that the association of 
HCl and Dd molecules m the crystal below the transition temperature 
can probably take place m several different ways. Such a conclusion is in 
agreement with the X-ray investigations which revealed a symmetry so 
low that the crystalline structure could not be determmed. 

It has long been known that at 08° K crystalline hydroohlorio acid 
exhibits a transition point, but what exactly takes place in this transition 
has never been settled. Above 08° K the crystal possesses cubic (close- 
packing) symmetry but on cooling below this temperature the symmetry 
alters to a very much lower order (Simon and Simon 1924 ): simultaneously 
there is a very sudden drop in the dielectric constant (Cone, Dennison and 
Kemp 1931 , Smyth and Hitchcock 1933 ) and in the specific heat (Eucken 
and Karwat 1927 ). The density shows a slight increase over the same 
temperature range. One explanation which has been proposed to accoimt 
for all these phenomena is that above 98° the molecules are free to rotate 
about their mean positions while below that temperature the HCl dipoles 
may he regarded as fixed in the lattice. One of the most direct means of 
obtaining evidence of such rotation would appear to be an investigation 
of the vibration-rotation spectra of HCl above and below the transition 
point. Such an investigation was first made by Hettner ( 1932 , 1934 ) who 
obtained some surprising results from which however no definite oon- 
clusion could be reached. A later investigation by Shoarin ( 1935 ), confined 
to the absorption spectrum below the transition point, gave results in 
disagreement with those of Hettner. From Shearm’s results it appeared 
definite that rotation was taking place below the transition temperature. 
A simultaneous investigation on the Raman spectrum at temperatures 
just below the melting pomt (i.e. considerably above the transition point) 
hy Callihan and Salant ( 1934 ) yielded results in substantial agreement 
with those of Hettner for that region. It was with the object of clearing 
up some of the apparent contradictions in the above work, and of obtaining 
more clear-cut evidence regarding the hypothesis of molecular rotation in 
the solid that the present investigation was undertaken. 


Intra-bed spectrxtm of HCl 

The spectrometer and absorption cell have already been described in 
the preceding paper. It is necessary however to record oertam experi¬ 
mental details as the spectrum obtained was not always reproducible in 
detail in spite of every attempt to make the conditions of observation 
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exactly the same in each case. This does not simply mean that there were 
small irregularities in the plot of the spectrum, such as occur from experi¬ 
mental error in all infra-red work, but that a characteristic point, such as 
the position of maximum absorption, varied between small but definite 
limits. 

The hydrogen chloride was prepared by the action of sulphuric acid on 
ammonium chloride. It was dried by passing through concentrated 
sulphuric acid, was condensed by liquid mtrogen and re-evaporated, only 
the middle portion being collected. A peculiar phenomenon which had 
been noticed previously by Giauque and Wiebe ( 1928 ), was also observed 
by us, viz. the occurrence of a pink form of the normally white solid. When 
the acid was condensed in vacuo on to a glass surface previously cooled to 
the temperature of liqmd nitrogen, a bright reddish pmk coloration was 
obtained. This colour disappeared quickly on allowing it to warm up and 
re-cooling this white form did not bnng back the colour. If on the other 
hemd a small reservoir containing HCl was immersed m liquid nitrogen so 
that it condensed more slowly the coloured form was hardly ever obtained. 
The intensity of the colour varied from a very famt pink to a very deep 
red but in an unpredictable manner. No serious attempt was made to 
investigate this phenomenon as the absorption spectrum did not exhibit 
corresponding vagaries. It might be added, however, that Giauque and 
Wiebe wore unable to get rid of it using drastic purification processes, and 
that we still found it in some later work in which the HCl was prepared 
by the action of distilled water on phosphorous trichloride of B.D.H 
preparation. 

The HCl gas was admitted to the absorption coll after the base of the 
latter had been immersed in liquid nitrogen for some 10 or 15 min. The 
correct amount to admit to give a layer of smtable thickness was found by 
trial and error. If we assume that the HCl formed a uniform layer on the 
mirror then the thickness of the layer would have been approximately 
0‘6/t. Since some of the HCl certainly condensed on the sides of the cell 
as well as on the base it might seem reasonable to take the above figure aa 
an upper limit to the thickness. This is not a safe assumption however, as 
later experiments on germane mdicated that the layer was thicker in the 
centre of the mirror than round the edges. 

In making the first plots of the spectrum we did not find the percentage 
absorption at each point but simply recorded a total energy curve (figure 1 ). 
This was possible because the region in which we were working is practically 
free &om atmospheric absorption. When once a plot had been made of 
this energy background it was therefore unnecessary to repeat it each time 
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provided its intensity was determined at one or two points in the course 
of the run. In practice, this saving of work proved indispensable if we 
wished to cover the whole absorption spectrum in one run under high 
dispersion. It was important also to get the spectrum plotted as quickly 
as possible in order to be able to verify that changes were not taking place 
in the spectrum of the layer with time, and to make other such testa before 
the liquid air had to be replenished, as the latter could not be done without 
disturbing conditions. The slit widths employed are indicated on the 
diagrams and were generally of the order 1-6 cm.-'. As the lines observed 



FiouBE 1. Absorption of HCl at liquid nitrogen temperaturee. Curve a by Sheann; 
curve b by authors. 

by Shearin were about 10 cm.-' apart we should have had no trouble 
whatever in picking them up. Our resolving power was of course much 
higher than that available to Hettner who employed a simple fluorite 
prism. 

The general form of the absorption curve found by us is shown in 
figure 1 (curve 6) where it is contrasted with that found by Shearin 
(curve a). It will be seen that it differs entirely fixim Shearin’s but closely 
resembles that found by Hettner which is reproduced in figure 2. A 
possible explanation of the curious curve obtained by Shearin is that the 
variations found by him are due, not to HCl, but to water vapour in the 
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atmoaphere. This suggestion may seem contrary to our earlier remark 
that there is no appreciable atmospheric absorption in this region. It 
must be remembered however that Shearin was using the fourth order of a 
grating with 800 lines to the inch and so if separation of orders were in¬ 
complete he would have superimposed on the 2700 om.~^ radiation the 
fifth order of 3340 om.~^ radiation. The latter radiation is very strongly 


wave length (/() 



Fioubs 2. Absorption of HCl at 85° A as observed by Hettner. 

absorbed by water vapour. We have tried to see whether some of the 
strongest of Shearin’s lines can be explained in this way. It seems quite 
probable that the two strongest lines which he denotes as -f- 4 (2718 cm.~^) 
and - 4 (2622 om.~^) are really the filth order of water vapour lines re¬ 
corded by Plyler and Sleator ( 1931 ) at 3397 cm.-^ and 3277 om.~^. 

In our earlier plots (Lee, SutWland and Wu 1938 ) we were troubled 
by the fact that neither the relative intensities of the two peaks nor the 
exact positions of their maxima were quite reproducible. The former was 
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finally traced down to having too thick a la 3 rer and not having entirely 
oompensated for the effects of the short-wave radiation. The combination 
of these two factors meant that there was complete absorplion for one 
peak when it seemed that the absorption was only about 85 % complete. 
The latter trouble has not yet been completely cleared up but it seems to 
have been largely due to variations in intensity in the short-wave radiation 
which again was not completely compensated for in the earlier experi¬ 
ments. It was only in the later experiments that the compensating shutter 
(which reflected the same amount of short-wave radiation as the filter 
shutter) was introduced. Also in the later experiments the background was 



wave length {fi) 

Fiouiuc 3. Absorption of HCl at hquid nitrogen temperatures under 
high resolving power. 

plotted point by jioint simultaneously with the absorption. The typical 
curve obtained from those later experiments is shown in figure 3. Here it 
will be noticed that the two peaks are completely separated and are very 
similar in appearance being very steep on the long wave side and falling 
off more slowly on the short wave side where indeed they show definite 
signs of structure. Very weak maxima and minima were also observed at 
both ends of the main region of absorption and on two occasions a quite 
definite minor peak was found at 2777 cm.~^. It may be remarked that 
Hettner observed similar weak maxima at the long wave end of the ab¬ 
sorption region. In fact our results generally substantiate Hettner’s and 
our higher resolving power has enabled us to show that indications of a 
fine structure do exist but it is entirely different firom that reported by 
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Shearin. R^^arding a slight variation in the position of maximum ab> 
sorption of the lower frequency peak (between 2704 and 2714 om.~^) 
observed in the earlier runs it is interesting that there is a variation in the 
position of this absorption maximum m the two papers of Hettner. The 
first paper shows it very close to 2716 cm.-^ while the later paper gives it 
at 2708 cm.~^. We tried the effect of condensing the HCl at a temperature 
considerably above that of liquid nitrogen and then subsequently cooling 
to that temperature but the resulting curve was the same as that obtained 
by immediate condensation on a surface at liquid nitrogen temperatures. 


Infha-bkd spkotrum op DCl 

The spectrum of crystalline deuterochloric acid was next investigated 
under the same conditions as it was hoped that the explanation of the 
two absorption peaks might be helped forward if one knew how they were 
affected by the substitution of deuterium for hydrogen. The DCl was 
prepared from D,0 obtained from the Nordiska Co. (purity 99-6%) and 
PCI 3 of B.D.H. preparation, and purified in the same way as the HCl. 
We might remark that the pink form was again occasionally obtained but 
the coloration was much fainter. 

The region of the absorption was now not free from water vaiwur hnes. 
As before we plotted the energy background simultaneously and calculated 
percentage absorption for each individual point. The results are shown 
in figure 4 m which we have also included the strongest water vapour lines 
of the background to make it clear that certain kink in the DCl curve 
are probably due to their presence. The general form of the absorption 
is markedly different from that of Hd in that it exhibits a third absorption 
maximum This was carefully checked and there can be no doubt about 
its reality. The temperature of deposition of the layer was that of liquid 
mtrogen. 


Raman spkctbum of HCl 

The preparation and purification of the HCl were exactly as for the 
absorption spectrum just described. The gas was first condensed as a 
liquid, which wcui subsequently frozen and cooled to the temperature of 
liquid nitrogen where it was held during the whole of the exposure. The 
apparatus has been described in the preceding paper. Two ^man hnes 
were observed, the frequency shifts being 2709 ±6 and 2769 ±5 cm.-^ 
The lines were not sharp, each one being about 15 cm.-^ broad, and the 



600 E. Lee, G. B. B. M. Sutherland and Cheng-Kai Wu 

hi gh freqaenoy one waa the weaker of the two. This oorreaponds to the 
intensity relationship found in absorption. • Figure 6 is a reproduction of 
the miorophotometer trace. This is the first time that two Raman fie- 
quencks have been obtained from solid HCl. The earlier work of Callihan 



Fiocbb 4. Absorption of DCl at liqiud nitrogen temperatures. Curve a due to DGl; 
curve b shows strongest water vapour Imee m atmospheno absorption at this region. 



FrauiUB S. Raman spectrum of HGl at liquid mtrogen temperatures 
showing doublet structure. 

and Sidant (CaUihan and Salant 1934 ) showed a single broad line with a 
maximum at 2764 cm.-^. This was done, however, just below the melting- 
point (about 166° K) and so a long way above the transition point. It 
agrees very well with the single absorption maximum found by Hettner 
(Hettner 1934 ) at 2768 om.~^ for HCl above the transition point. The 
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Raman speotrum of the liquid also shows only a single rather broad 
frequency with its maximum at 2770 cm.~^ (Salant and Sandow 1931 ) in 
spite of a recent attempt to search for a second frequency (Vodar, Freymann 
and Ta 1938 ). 


Discussion 

The general substantiation of Hettner’s observations as opposed to 
those of Shearin is the first important result of this investigation. Even 
if the structure reported by Shearin had been confirmed, it could hardly 
have been interpreted as due to rotation of the molecule in view of the 
recent work of West ( 1939 ) who has shown that all trace of rotational 
structure disappears for the gaseous speotrum at high pressures. Moreover 
no rotational structure has been observed in the liquid nor in the sohd 
above the transition point (West 1939 ; Hettner 1932 , 1934 ) and below 
the transition point is the least likely region of all for &ee rotation of the 
molecules to take place. We have remarked that in our curves there have 
been indications of fine structure. Whatever this structure may be due to 
(and we shall discuss its interpretation later) it cannot be a rotational 
fine structure. We shall consider first what light our work throws on the 
gross structure of this absorption band. 

The most puzzling feature is the doublet structure as compared with 
the single absorption maximum found above the transition temperature 
and in the liquid. We have now resolved the doublet into two quite 
distinct bands and we have found indications of a weak thud maximum 
at 2777 om.~^. We have also foimd that the corresponding absorption in 
solid DCl consists of three maxima. These facts when taken with Hettner’s 
observation that at temperatures below 37° K a third peak appears at 
2777 om.~^ (which is of greater intensity than the other two) make it 
appear likely that there are three separate maxima of absorption in solid 
HCl below the transition point and that the relative intensity of the three 
absorptions depends on the temperature of observation and possibly on 
the conditions of deposition. The question as to why there should be more 
than one maximum of absorption has been discussed by Hettner. He has 
shown conclusively that the doubling cannot be the unresolved contour of 
a vibration-rotation band and that it is extremely unlikely that it is due 
to combination of the intramolecular HCl frequency with an inter- 
molecular lattice frequency as the magnitude of the latter fails to account 
for the specific heat curve. The isotope effect provides additional evidence 
against the hypothesis of a lattice frequency, as the latter would not be 
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expected to alter very much in substituting deuterium for hydrogen in a 
molecular lattice. This would mean that the doublet separation would 
have remained practically unchanged in going firom HCl to DQ, whereas 
it was found to alter almost exactly by a factor of ^2. This is just what one 
would obtain from the individual alteration of each frequency by that 
factor. 

The recent work on the effect of association between molecules on the 
intramolecular frequencies of the individual molecules is very relevant to 
this problem. It has been found by several workers that association 
between molecules (such as water, certain alcohols and acids) containing 
an OH group alters the frequency of that group by roughly 200-400 cm.~^ 
depending on the strength of the so-called “hydrogen bond” thus formed. 
Now this is exactly the same order of magnitude as the change in frequency 
from gaseous HCl (2889 cm.-^) to solid HCl (2701 and 2744 cm.-^). There 
must, therefore, be a very strong interaction between the neighbouring 
HCl molecules in the solid and even in the liquid state (2786 cm.~^). The 
simplest explanation of the multiple absorption maxima is that the HCl 
molecules may ‘associate’ in more than one way. The presence of the 
two well established maxima would show that there are two mam modes 
of association but the presence of the third peak on certain occasions shows 
that a third structure is possible though presumably much less stable than 
the other two, except at very low temperatures. This interpretation would 
also explain why the X-ray studies of HCl below the transition point re¬ 
vealed such a very low symmetry, whereas above the transition point 
where the X-ray studies give a normal cubic structure, the absorption 
found by Hettnor had a single peak. In this connexion we might mention 
the work of Vodar and others (Vodar et al. 1938 ) on the in&a-red spectrum 
of liquid HCl in the region of the second overtone. They observed in 
addition to the normal band at 8130 cm.~^ a much weaker band at 7762 cm.~^. 
They have suggested that the former absorption corresponds to free HCl 
molecules in the liquid while the latter corresponds to associated molecules. 
This additional band reported by Vodar el al, has not been found in the 
neighbourhood of the fundamental nor of the first overtone and may 
therefore be spurious. If it is real, then we would modify the explanation 
given by those authors and suggest that the two bands in the liquid corre¬ 
spond to two different modes of association already taking place in the 
liquid We do not believe that such a thing as a ‘free’ Hd molecule exists 
in the liquid in view of the largo shift in frequency which occurs in going 
from gas to liquid. 

As regards the detailed structure of the absorption spectrum which we 
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observed, it is dear from figure 3 that the low frequency side of each 
maximum is considerably steeper than the high frequency side. Although 
it is on the latter that the main signs of a fine structure appear there are 
also a few weak humps at each high frequency extremity. These seem to 
be quite real and have also been noted by Hettner, though he only reports 
them on the long wave extremity of the long wave maximum. Hettner 
has suggested that these are due to an interference effect but this seems 
very improbable in view of the fact that the thickness of the layer (about 
0*5/») is only a fraction of the wave-length of the incident radiation (3-7/t) 
and that we have observed them at both ends of the absorption region. It 
seems much more probable that they are due to combination with very 
low lattice frequencies of the main intramolecular frequency. For such 
combination bands at low temperatures one would expect the summation 
bands on the high-frequency side would be much more intense than the 
difference bands on the low-frequency side. This would account for the 
unsymmetrical shape of each absorption peak. 

A tabular summary of our results is given below together with those of 
earlier workers. It will be noticed that our values are slightly lower than 
Hettner’s. Since we used a grating instrument of considerably higher 


Invba-rbd and Raman spbctba of HCl and DCl 


HCT 


Da 


Type of Osseous Liquid 
spectrum state state 


Solid state 



Infm-rod 

(earlier) 

Iidrs-red 

(present) 

Raman 

(earlier) 

Raman 

(present) 


2889 2785 2768 2747 

2708 

— — — 2744 

2701 

2886 2770 2764 — 

— — — 2769 

2709 


Infra-red 2091 


1992 

1982 

1965 


Av Aviv 


146 0 06 
188 0 06 


99 006 

109 0-06 

126 0 06 


resolving power we consider ours to bo the more accurate values. As 
regards the Raman frequencies, it will bo noted that there is a marked 
discrepancy between them and the infra-red frequencies both for the 
solid in the B form (i.e. below the transition point) and for the liquid. 
It seems larger than can be accounted for by eicperimental error, but no 
explanation can be offered for it at this stage. In the last two columns we 
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have computed the absolute and relative changes in frequency in going 
from the gaseous state to the solid bdow the transition point. It is in¬ 
teresting to note that the percentage change in frequency is the same for 
HCl and DCl in view of the proposal (Badger and Bauer 1937 ; Fox and 
Martin 1937 ) that this quantity is directly proportional to the interaction 
enei^ in oases of association through a so-called ‘hydrogen bond’. 

This work was made possible by financial assistanoe firom the Depart¬ 
ment of Scientific and Industrial Research and Jfrom the Royal Society. 
This assistance is now gratefully acknowledged by the author (G.B. B.M.S.) 
to whom it was made. 
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The flame spectrum of carbon monoxide 

Bt a. G. Gaydok, Ph.D., A.In8 T.P., Radiation Oas Research Fellow, 
Chemical Technology Department, Imperial College, London, 8.W. 7 

(Communicated by A. C. O. Egerton, Sec.R.S.—Received 13 June 194U) 

[Plate 14] 


The speotrum of the flame of carhon monoxide burning m air and in 
oxygen at reduced prosaure has been photographed on plates of high con¬ 
trast which display the band spectrum clearly above the continuous back¬ 
ground. Greater detail has been obtained than has been recorded previously 
and new measurements are given. 

The structure of the spectrum has been studied systematically. It is 
shown that the bands occur m pairs with a sepeuntion of about 60 cm.-*, 
this separation being due probably to the rotational structure. Vanous 
wave-number difTerenoos are found to occur frequently, and many of the 
strong bands are arranged in arrays using mtervals of 666 and 2066 om.->. 

The possible origin of the spectrum is discussed. The choice of emitter is 
limited to a polyatomic oxide of carbon, of which carbon dioxide is the most 
likely. The speotrum of the suboxido OyOi shows some resemblance to the 
flame bcuids, but this molecule is improbable as the emitter on other 
grounds. A peroxide CO, is also a possibility, but no evidence for the 
presence of this has boon obtained from experiments on the slow combustion 
of carbon monoxide. 

Carbon dioxide m gaseous or liquid form is transparent through the 
visible and quartz ultra-violet, and the flame bands are not obtamed from 
CO, m discharge tubes. Comparison with the Sobumann-Rtmgo bands of 
oxygen shows that it is possible that the flame hands may form part of the 
absorption band system of CO, which is known to exist below 1700 A if there 
is a big change m shape or size of the molecule in the two electronic states. 

The electronic energy levels of CO, are disoussod. Smee normal CO, is not 
built up from normal CO and oxygen, an eloctromc rearrangement of tho CO, 
must occur after tho combustion process. MuUiken has suggested that the 
molecule m the flist excited eleotromc state, corresponding to absorption 
below 1700 A, may have a triangular form. ' 

The frequencies obtamed from the flame bands are compared with the 
mfra-rod frequencies of CO, The 666 interval may bo identified with the 
transverse vibration r,, mdicating tliat the excited electronic state is 
probably triangular m shape. Tho 2086 interval cannot, however, be iden¬ 
tified with the asymmetric vibration !», with any oert^ty. 

If the excited electronic state of CO, is triangular, then molecules formed 
during the combustion by transitions from this level to tho ground state may 
be “vibrationally activated". This is probably the reason for many of the 
peculiarities of the combustion of carbon monoxide. 


[ 606 ] 
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iNTBODUCnOK 

The Bpectrmn of the flame of carbon monoxide burning in air or oxygen 
is known to consist of a faint banded spectrum superposed on a strong 
continuous background which extends through the visible and near ultra¬ 
violet, being strongest in the region 4500 to 3600 A. Unless great care is 
taken to dry the gases, the OH band at 3064 A is invariably present in the 
spectrum of the flame. The spectrum has been studied by Weston ( 1925 ) 
and Kondratjew ( 1930 ), who have measured some of the strongest bands 
and attempted to arrange them into a fragmentary analysis. The same 
spectrum has also been observed by Fowler and Gaydon ( 1933 ) and Gaydon 
( 1934 a) m the afterglow of carbon dioxide in a discharge tube. 

Weston expressed the opinion that the band system was produced by the 
direct interaction of carbon monoxide with oxygen, since it was present in 
the spectra of flames of pure CO and O,, without the intervention of steam, 
but gave no deflnite opinion on the nature of the emitting molecule 
Kondratjew, and Fowler and Gaydon, attributed the bands to the CO| 
molecule, but this conclusion was apparently not entirely accepted by 
Bone ( 1932 ). 

In all work hitherto the bands of the spectrum have been very faint, 
relative to the continuous background, and m the various published 
spectrograms, e.g. Weston ( 1925 ), Kondratjew ( 1930 ) and Bonhoeffer 
( 1936 ), they are hardly visible, and measurements of such weak diffuse 
bands can hardly be expected to lead to any definite conclusions. The 
spectrum is indeed very complex and good measurable structure is difficult 
to get, but in the present investigation improved spectrograms have been 
obtained. 

New measurements of the spectrum are presented and the structure of 
the band system and its origin are dealt with in the light of the more recent 
developments in our knowledge of molecular structure. The bearing of the 
knowledge gained from the spectrum to the problem of the combustion and 
after-burning of carbon monoxide will be dealt with in a later paper. 


ExrsRiMsirrAL 

The spectrum of the flame of carbon monoxide has been photographed 
with a Hilger E. 2 instrument. The carbon monoxide was stored in a 
cylinder and, in order to eliminate iron lines due to the presence of a trace 
of iron carbonyl formed in the cylinder, the gas was passed through a 
strongly heated tube packed with porcelain. No other precautions were 
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necessary to purify the gas as no lines or bsuids in the spectrum were 
attributable to impurities, and there was no advantage in repeating 
Weston’s oarefiil investigations on the occurrence of the spectrum. No 
especial precautions were taken against water vapour, and the OH bands 
were present on all plates, although when the gas was at high pressure 
(100 atm.) in the cylinder the gas was fairly dry and the OH bands only 
weakly present. 

The chief difference between the present spectrograms and earher ones is 
that while previous authors have used relatively fast photographic plates 
with low contrast, for the present investigations plates of the highest 
contrast have been used. Most of the work has been done with Ilford Thin 
Film Half Tone and Panchromatic Half Tone plates developed in caustic 
hydroquinone; a few Process and Rapid Process Panchromatic plates have 
been used, but these proved less satisfactory. The advantage gained by 
using such high contrast may be judged by comparison of the published 
spectrograms. The composite photograph shown does not, however, display 
fully the advantage gained, as, while it is possible to measure dense plates 
which are well up on the straight portion of the photographic D-\o%E 
curve by using a strong viewing light, only weak plates with photographic 
density corresponding to the toe of the D—\ogE curve are satisfactory for 
enlargement. 

It is known that the band structure is favoured relative to the con¬ 
tinuous background by burning the gas at reduced pressure, and Kon- 
dratjew used this method for getting clearer bands. Some plates have been 
taken with carbon monoxide burning in pure oxygen at a pressure of 
about a third of an atmosphere using Weston’s apparatus (Bone and 
Townend 1927 ), but the advantage gained was small. To use much lower 
pressure would have reduced the brilliance of the flame, and exposures on 
plates of high contrast would be very long In addition to the plates taken 
of carbon monoxide burning in oxygen at reduced pressure, many plates 
were taken of carbon monoxide burning in air at atmospheric pressure. The 
gas was burnt at a flattened silica jet, and air was mixed, at a T-pieco 
junction in the tube, with the carbon monoxide before the gas was burnt 
at the jet, thus increasing the brilliance of the flame. Exposures ranged 
from 20 min. to 3 hr. 

It was thought that admixture of carbon dioxide with the monoxide 
before burning might affect the relative intensity of the bands and the 
continuous portion of the spectrum. Some plates were accordingly taken of 
the flame of mixtures of carbon monoxide and dioxide burning in air and in 
oxygen, but apart from a marked extinguishing action by the carbon 
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dioxide no change was noted in either the oharaoter of the flame or its 
spectrum. 

A few experiments have been made on the slow combustion of carbon 
monoxide. These will be referred to briefly in later sectionB. 


Mbasubbhbnts 

Twelve of the brat plates have been measured carefully, iron arc com¬ 
parison spectra being used. The means of these measurements are presented 
in table 1, which gives the wave-numbers »n vacao (in cm.~^) of the maxima 
of the bands with intensities estimated visually on a scale of 1-5, and 
remarks on the character of the bands. The intensity estimates are to be 
regarded as intensity above the continuous background, which is very 
strong in the violet and falls off in the ultra-violet and at the visible end of 
the spectrum; thus clear bands in the red may be classified as intensity 5 
although much longer exposures are required to record these bands than 
for bands in the violet classified as lower intensity. Many of the bands 
overlap, and such overlapping bands are grouped together in the table; 
bands which are probably double and are measured as such, but which are 
not clearly resolved, are bracketed. 

Mjeasurements of the bamds c^ree among themselves to about 5 om.~^, 
and this probably represents the order of reliability of the measurements. 
The aociiracy is, of course, limited by the diffuse nature of the bands, which 
do not in general show sharp heads or other features. The dispersion used 
was completely adequate. The present measurements cover the region 
6260-3250 A, and agree reasonbly well with Fowler’s and Kondratjew’s 
measurements, which do not, however, extend beyond 6660 A, although 
Kondratjew’s go further to the ultra-violet. The greater contrast has 
resulted in higher resolution and detail being obtained, and many bands 
previously measured as single are here shown to be more complex. 

ThB STBUCTUBB OB THB BAND 8PBCTHUM 

As will be seen from the plate the spectrum consists of a large number of 
narrow headless bands superposed on the continuous background. Many 
of the bands appear to be arranged in pairs, as has been remarked by 
Kondratjew. Some of the bands, especially those at the red end of the 
spectrum, show signs of being d^raded towards the violet, while a few 
appear to be shaded in the other direction. This degradation of the bands 
is not, however, striking and may be due to overlapping of bands of dif- 



Oaydmi 


I 



Proc. Boy. Soc., A, vol. 176, plate 14 



(h'licina p 





TKt flame apectnan of carbon monoxide 609 

Tablb 1. Wavb-numbbbs {im vacuo) and intbnsitiks of thh bands 

OF THB CARBON HONOXIDB FLAME SPECTRUM 
I Pi Pi Pi p I Pi 


30760 2 

732 2 

636 2v 
602 2r 
406 1 

30271 a» 
20868 1 
860 1 
821 1 
714 16 

668 2 
617 Id 
671 2 

642 2 

477 4o 
426 2d I 

403 2vf 
284 2« 

247 1 

217 1 

184 1 

111 1 
038 1 

200U2 2 

28960 1 

690 26 

664 2 

600 2 
S74 3 

638 1 

611* 36 
466 2 

360 1 

277 3 

243 3 

1057 2 
148 36 

087* 3s 
063 2r 
28028 1 
27907* 26 
971 1 


27042 2 

921 2 

844 2 

760 1 

744 2 

709 1 \ 

644 4vJ 
697 2d I 
833* 2d/ 
440 Id 
202 1 
272 1 

237 2 

008 II 
060 2f 
27031 1 

26036 2 

862 3 

824 2 

783 26 

712 1 

604 2 

638* 3 
611 1 
384 2 

347 1 

301 2d 
272 2d 
231 1 

2187 2 
170 1 

137 2 

110 1 
082* 4v 
26038* 2 
26064 21 

032 2- 

903* 2) 
897* 3 
846 3 

702* 2dl 
773 2d/ 


26718* 3 
660 2 
601* 2 
661 3d 
606* 3v 
379 1 

340 2d 
320* 2d 
288* 2d 
237 1 

180 4 

143 1 

122 2 
097 2 

0707 1 

0477* 3 
26003 3«-\ 

24037* 3p/ 
774 3 

713* 4 
667 3] 

642 7 3- 
6137 sj 
682* 6o 
624* 3d 
428 4« 

372* 4 
340 Iv 
263 1 

200 4 

161* 4p 
060 6 
24000* 3 

23044 2 

8037 2dl 
8687 2d) 

816* 4v 
7607 Iv 
700 2d 
634 Sdl 
6177 3 J- 

6967* 3bJ 


23606 3r\ 

464* 6 / 
400 2 

288 3 

260 3 

216* 3 
077 6 

23020* 5v 
22031 4 

876* 4 
8437 2 
720 2 

601 3 

663* 3p 
661 3 

810 3 

458 2v 
400 1 

369 3r 
306 3b 
140 2d 
118 3d 
22096* 3d 
21062 6 
884* 6b 
706 4b 
740* 3 
677 2 

644 2 

686 4 1 

666 4 [ 

629* 6bJ 
430 3 

389* 3b 
3267 1 

278 iB 
208 3 

184 2 

146 2 

078 2 

21022 3 \ 

20974* 4b/ 


20870 4r 

831* 6b 
776 26 

672 2dl 

637 3d^ 

683 3dj 

666 2 

402 2 ] 

466* 66 V 

400 2bJ 
308 46 

260* 4tvi 
108 8 b 

002 4 

074 6' 

20022* 4b 
10074 2r\ 

004 46- 

864 3b j 
797* 8i« 
707 2d 
664 3d 
616 3b 
644 2d) 

626 3d I 

400* 3d I 

470 3d) 

403 2s 
340* 66 
210 ] 

174 4 

10124* 4b 
18083 6 

060* 6 
830 4 

782* 6 

721* 4 

688 6b 
611* 4d ) 

686 6d I 

667* 6d I 
630* 4BdJ 


18466 2 

414 3 

386 2b 

222 36 

102 2b 

18070 2b 

17997* 8b 

064 Is 

860 3b 

790* 3b 

681 2d I 

031 1 / 

677 1 

646 l« 

486 2 

430 iB 

347 2r \ 
288 3b6/ 

213* 8b6 
118 4 

17046* 3 

16071 2 ) 

887 6 V 

866* 6bJ 
736 6 

006 Ob 

607 4 

627 46 

468* 4b 

411 2 

366 31 

326 3/ 

231 3d 

100* 3b 

113 2 

16036 1b 


6=broad, peo^pe double; d^diifuso; «=sharp, B^cihadod to violet; r=8haded to red. 
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ferent intensitieB producing this efieot. It cannot be assumed for a poly¬ 
atomic molecule, as it can for a diatomic molecule, that the direction of 
degradation of the bands will give a clue to the relative magnitudes of the 
initial and final vibrational firequenoies, as the direction of degradation will 
of course depend on the various moments of inertia of the molecule in the 
two states and these will be dependent on the shape of the molecule as well 
as on the strength of binding which principally governs the vibrational 
frequencies. 

In attempting a vibrational analysis, Fowler, from Weston’s plates, 
used intervals of around 570 cm.~^ and 370 cm.~^, obtaining a number of 
fragmentary schemes with these frequency differences. Kondratjew 
arranged the bands in long series with intervals increasing from around 
650 cm."^ to over 600 cm.~^, this interval being provisionally identified 
with the interval of 067 om.“^ observed for the infra-red spectrum of CO*. 
These long series, however, are not completely confirmed by the present 
measurements, the mtervals and intensities showing rather disturbing 
irregularities in some parts. With such a very complex spectrum, consisting 
of diffuse bands every few angstroms and whose accuracy of measurement 
is so limited, great care must be taken not to force the analysis to fit any 
preconceived ideas. In order to avoid this difficulty as far as possible it was 
decided to examine the wave-number differences between all the strong 
bands systematically to find, without bias, those which occur most 
frequently. 

The wave-number differences between all the strong bands, those listed 
as intensity 3 or greater in the wave-number range 29,000 to 24,700 om.“‘ 
and 4 or greater in the range 24,700 to 16,000 cm were computed up to 
a difference of 2400 cm."*, this presumably covering the range of any 
vibrational frequencies likely to be encountered. The number of differences 
between 0 and 9,10 and 19,20 and 29 cm.~*, etc. were then counted and the 
number plotted against the mean interval. This should show up at once any 
regularity in the spectrum, as wave-number differences corresponding to the 
various vibrational frequencies and simple combinations of those should 
show |)eaks on the curve. The result was admittedly disappointing, the 
curve showing httle outstanding structure. There were fairly definite peaks 
(more than 16 differences in the 10 cm.-* interval) at 60,1130 and ISOOcm."*, 
and possible peaks at around 165, 215, 365, 610, 566, 790, 910, 960, i070, 
1190, 1290, 1360, 1700, 1870, 1930, 2090 and 2260 cm.-*. The 60 cm.-* 
interval was definite and corresponded to the obvious occurrence of the 
bands in pairs, as already noted. 

In many cases the lower frequency component of these pairs is relatively 
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sharp and often shaded to the violet, while the higher ftequenoy component 
is rather stronger and broader, beii^ possibly itself a close doublet in some 
oases. This structure is very probably due to the rotational structure of the 
band, and may correspond to the P and P or P and Q branches. It was 
decided to accept this as a working hypothesis and to re-examine the 
frequency differences using one component only; the lower frequency 
component was selected as being the sharper and often the more free from 
overlapping. The bands which appear as though they may be the lower 
frequency components of such doublets were selected by inspection and are 
marked in table 1 with asterisks. This selection was made before attempting 
further work on the analysis and the selection is apparently in error in a 
number of cases. 

The grouping of the frequency differences obtained from these selected 
bands was plotted as shown in figure 1, and shows considerable regularity, 
the peaks being very much more definite than when using all the strong 
bands. In figure 1 the number of wave-number differences occurring in the 
intervals 0 to 19, 10 to 20, 20 to 39, 30 to 49, etc. are plotted against the 
mean intervals 10, 20, 30, etc. This plotting in 20 cm.“^ groups which 
overlap does not of course give any more real information than by plotting 
in simple 10 om.~^ intervals, but as a smoother curve is obtained the 
regularities are more obvious. 

As may be seen from figure 1, there are strong peaks (more than 16 dif¬ 
ferences m the 20 cm.-^ interval) at 666, 1130 and 1600cm.“\ quite 
definite peaks at 346, 926, 1366,1700, 2066 and 2260, and less certain peaks 
at around 160, 230, 616, 780, 1866 and 1916 cm i. 

It is at once obvious that within the accuracy of the measurements, 

1130 = 2 x 665, 

1700 = 3 x 666, 

2260 = 4x666, 

2066-1600 = 666, 

1600- 926 = 666, 

1916-1366=666, 

1366- 780 = 566, 

780 - 230 = 566, 

2260-1916 = 346, 

1700-1365 = 346, 

1130- 780 = 346, 

566- 230 = 346. 


and that 


and that 


34-a 
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It is therefore seen that all except three of the leas marked differences 
may be built up from three fundamental differences, which will of course 
correspond to three vibrations of the molecule emitting the spectrum. In 
the choice of which are these three fundamentals we must, however, pass 
from the firm basis of observation to less certain speculations. 



wave number difference (cm.-*) 


f^ouita 1 

The 666 interval is a fairly obvious first choice as a fundamental, as this 
frequency and its multiples 1130,1700 and 2260 are all so strong. The next 
choice might fall upon the 1500 cm.~^ difference, which shows such a strong 
peak on the curve, but 2065 ( = 1600+665) or 926 1600 —566) are 

possible It will be seen in the discussion which follows that the most 
likely emitter is carbon dioxide, and that the transition is to the ground 
state. If this is so, then it is very difficult to find a place for intervals of 
1600 or 926, but that the 2066 interval could possibly be identified with 
the 2360 vibrational frequency of CO, if allowance is made for an anhar- 
monic factor The choice of 2066 has also the advantage that the arrays 
presented in table 2 are then of compact form. 

Using the intervals 666 and 2066, it is possible to build up two fairly 

Tabi.b 2 


A I 




24682(6)6 




20466(6)6 

2041 

18414(3) 



582 




551 


564 

26082(4) 

2662 

24000(3)6 

2038 

21902(6)6 

2058 

19004(4)6 

2054 

17860(3) 

576 


563 


573 


555 


562 

26606(3) 

2069 

23437(3)6 

2048 

21389(3)6 

2040 

19349(6) 

2061 

17288(3) 

569 


561 


558 


567 


553 

240.37(3) 

2061 

22876(4) 

2045 

20831(6)6 

2049 

18782(5) 

2047 

16736(6) 

565 


571 


572 


560 



24372(4) 

2067 

22306(3) 

2046 

20269(4) 

2037 

18222(3) 



557 


565 


552 





23816(4) 

2075 

21740(3) 

2033 

19707(2) 





555 


556 







23260(3) 

2076 

21184(2) 








6 = blended with a band used elaewhore m the arrays j w = weakly present on plate 
but not measured. 



613 


The flame spectrum of carbon monoxide 





Tablb 2 (continued) 
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24642(3) 




20666(2) 


6 



682 




582 



26137(2) 

2077 

24060(5) 




19674(2) 


to 

m 


555 




571 



26Sai(3) 

2056 

23505(3) 

2066 

21430(3) 

2036 

19403(2) 

2656 

17347(2) 

6SS 


674 


569 


567 



20003(3) 

2072 

22631(4) 

2061 

20870(4) 

2034 

<18836(4) 



675 


672 


662 





24428(4) 

2069 

22350(3) 

2081 

20308(4) 


w 



670 


583 







23858(2) 

2062 

21766(4) 


w 







25288(2) 

2072 

B 1 

23216(3) 

2070 

21146(2) 





675 


563 


663 



26783(2) 

2070 

24713(4) 

2060 

22663(3) 

2070 

20583(3) 

2053 

18630(4) 

566 


582 


557 


661 



26218(2) 

2067 

24151(4) 

2065 

22006(3) 

2074 

20022(4) 



568 


666 


667 


652 



25660(2) 

2085 

23506(3) 

2068 

21520(6) 

2059 

19470(3) 



683 


675 


666 





25007(2) 

2077 

23020(5) 

2046 

20074(4) 





673 


562 


574 





24524(3) 

2066 

22458(2) 

2068 

20400(2) 







574 


546 





w 


21884(5) 

2030 

10854(3) 







558 







23387(2) 

2081 

21326(1) 


w 







567 







w 


20775(2) 











B.u 







25340(2) 

2061 

23288(3) 

2080 

21208(3) 





676 


668 


671 



26852(3) 

2078 

24774(3) 

2054 

22720(2) 

2083 

20637(3) 

2051 

18686(6) 

680 


666 


571 


563 



26272(2) 

2063 

24200(4) 

2060 

22140(2) 

2075 

20074(5) 



557 


576 


564 


548 



25715(3) 

2081 

23634(3) 

2049 

21585(4) 

2069 

19626(3) 



672 


557 


663 


576 



25143(1) 

2066 

23077(6) 

2055 

21022(3) 

2072 

18960(5)6 



661 


567 


567 





24582(5) 

2072 

22510(3) 

2065 

20465(0)6 





582 


648 


651 





24000(3) 

2038 

21062(6) 

2058 

10904(4)6 





563 


673 







23437(3)6 

2048 

21380(3)6 


6 







558 







6 


20831(5)6 
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satisfactory arrays A. i and B. i, shown in table 2, and, using the doublet 
partners of the bands in these arrays, which lie about 00 om.“^ to the 
violet, two more arrays A. ii and B. ii may be formed. Nearly all the strong 
bands between 27,000 and 20,000 cm.-^ are included in these four arrays. 
It is possible to force a few more bands into these arrays and to build up 
fragmentary urr&yB of a similar tjrpe using other bands, but these are 
unconvincing and do not give any more information about the structure of 
the spectrum. 

The arrays are shown in table 2, the wave-numbers of the bands being 
printed in ordinary type and followed by the intensities in brackets, while 
the diiferences between the wave-numbers are printed in italics. 

Subtraction of the wave-numbers of the bands in the second vertical row 
of B from the corresponding bands in the first row of array A gives dif¬ 
ferences of about 1366. Thus the two systems A and B, if displaced hori¬ 
zontally by one unit (2066 interval), are seen to be separated by the 
observed 1366 interval, and that a further displacement upwards or 
downwards by a number of 668 units will show the observed intervals 
1920 (1356 -I- 666), 790 (1366 - 666), 230 (1365 - 2 x 666), 346 (3 x 666 -1366). 
The fundamental corresponding to this displacement between the two 
arrays is uncertain. It would possibly correspond to a vibrational frequency 
of the molecule in the excited electronic state. 

It must be remembered that it is possible to rewrite the arrays m table 2 
either by shifts of one or more units between rows or by reflection of the 
array as a whole. The lay-out given here is chosen partly in order to bring 
the structure into Ime with what might be expected for carbon dioxide and 
partly because of the relative compactness as set up in this form. In a better 
defined spectrum, in which more accurate measurements could be made, 
the change of the intervals due to anharmonic factors, assisted by a 
study of the intensity distribution, would probably enable a more definite 
assignment of the fundamentals to be made, but this cannot be done here as 
the errors of measurement due to diffuseness and overlapping of bands 
produce deviations which are greater than the second-order differences 
caused by anharmonic factors. 

The above discussion of the structure may be summarized by saying that 
the bemd system possesses a doublet structure with a separation of about 
00 cm.~^ and that there is very probably a vibrational frequency of about 
666 cm.-i (increasing slightly for differences between bands at higher 
frequency) associated with the loww electronic state. Differences of 1600 
or 2065±nx666 and 1366±nx666 occur, but it is uncertain which of 
these correspond to fundamental vibrations of the molecule. 
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Thk obioin of the band spbotbctm 

Weeton has shown that the spectrum is emitted by pure dry carbon 
monoxide burning in oxygen. It is therefore certain that the emitting 
molecule can only contain the elements carbon and oxygen. It is equally 
certain that the spectrum is much too complex for a diatomic emitter, and 
in any case the various band spectra of oxygen 0|, carbon Cj and carbon 
monoxide are well known and show no resemblance to the observed bands, 
so that these molecules may be ruled out. Kondratjew has discussed this 
question and given reasons for assuming that the bands are produced by 
carbon dioxide. 

The band spectrum of ozone O 3 is well known in absorption, and John¬ 
son ( 1924 ) has observed bands in the near ultra-violet in emission in a 
discharge tube source, but these are not similar to the carbon monoxide 
flame bands, and as there does not appear to be any particular reason for 
expecting the presence of ozone we may dismiss this from among the list of 
possible emitters. 

The only other stable oxide of carbon is the suboxide C 3 O,. The absorp¬ 
tion spectrum of this has been studied by Thompson and Healey ( 1936 ), 
they observed absorption in the region 2400-3300 A, the region between 
2800 and 3300 being banded; these bands show a few strong pairs with a 
separation of about 100 cm.“* and a number of weaker pairs with separation 
60-70 cm and Thompson and Healey use vibrational frequencies of 840, 
2160, 1227, 640, 240 and 160 in attempting an analysis. The bands of course 
lie to rather shorter wave-lengths than the carbon monoxide flame bands, 
but in the region m which the systems overlap there is some agreement, 
especially with Kondratjew’s measurements, which extend to shorter 
wave-lengths than those presented here. The infra-red absorption has been 
studied by Lord and Wright { 1937 ), who find among the strongest fre¬ 
quencies one of 660 cm.~^. Thus based entirely on spectroscopic evidence 
it would be possible to make out a good case for CaOj as the emitter; the 
coincidence between the band measurements is not convincing but is as 
good as might be expected for comparison between the absorption and 
emission bands of a polyatomic molecule, and the doublet separation 
60-70 cm.~* and the frequency difference 640 or 660, which might be 
identified with the observed 666 interval, are favourable to the identifica¬ 
tion. The ohemiced aspect is, however, less satisfactory; the production of a 
lower oxide seems unlikely and there is no positive evidence for its presence; 
the flame has not been observed to show the absorption spectrum of C 3 O 1 ; 
the suboxide is supposed to decompose to GO, - 1 - C, and tins C, should show 
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apectroaoopically by emission of the Swan bands, which are not observed. 
We may conclude that C,0, is unlikely but not impossible as the emitter. 

The existence of a carbon peroxide GOg has been presumed in certain 
proposed chain mechanisms for the combustion (e.g. Lewis and von Elbe 
1938 ). There appears to be no experimental evidence for the existence of 
CO, or other oxides of carbon. Some preliminary experiments have been 
conducted on the slow combustion of carbon monoxide with a view to 
testing for peroxide formation. A slow flow (about 100 o.c. per min.) of a 
3:1 mixture of oxygen and carbon monoxide (the gases being roughly 
dried by passage through long phosphorus pentoxide djying tubes) was 
passed through a quartz tube (length 20 cm., volume 250 o.c.) heated in a 
furnace to 696® C. The gases from the tube were passed direct through only 
about 10 cm. of quartz tube mto an acid solution of potassium iodide. No 
iodme was liberated even after prolonged bubbling of the emergent gases 
through the solution, although tests with baryta water indicated that there 
was fairly rapid carbon dioxide formation under these conditions. The 
absorption spectrum of the gases in the quartz tube was also examined 
under these conditions, but no absorption at all was observed as far as 
2100 A, the limit of the spectrograph used. This failure to detect the 
presence of a peroxide is not of course conclusive, as short-lived radicals 
like OH and CH and unstable compounds like peroxides may be present in 
very small quantities and not show absorption although they may give 
strong emission spectra Nevertheless, in view of the complete absence of 
experimental evidence for the existence of (^ 0 , or other peroxide, these 
compounds could only be regarded as a possible but very unlikely source of 
the flame bands. 


Carbon dioxide as the emitter 

Carbon dioxide molecules are the most likely source of the banded jiart 
of the carbon monoxide flame spectrum. This opinion has already been ex¬ 
pressed by Professor A. Fowler and the author ( 1933 ) and Kondratjew ( 1930 ) 
and Kondratjewa and Kondratjew ( 1937 a, 19376 ). There are, however, 
difficulties on the spectroscopic side in assigning the bands to this molecule. 
The absorption spectrum of CO, has been studied by Liefson ( 1926 ) and by 
Price and SimjiBon ( 19380 ), who find that the gas is transparent all through 
the visible and quartz ultra-violet region and that the first absorption 
bands lie below 1700 A, and strong absorption is only observed still 
further to the ultra-violet. Eiaemsji and Harris ( 1932 ) have similarly 
shown that liquid carbon dioxide is also transparent at least to 2160 A. 
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Since electronic selection rules are not rigorously obeyed in the liquid state 
(of. absorption by liquid oxygen), this completely rules out the possibility 
of there being any low-lying electronic levels of CO,. In flame sources there 
is not sufficient energy to excite atoms or molecules to high electronic 
states; thus the CO flame spectrum itself does not show well-known band 
systems, such as the CO Third Positive or Angstrom bands or any oxygen 
emission which would require a fairly high excitation energy; it therefore 
follows that if CO, is the emitter the electronic transition definitely involves 
the ground state. Also the emission spectrum of carbon dioxide has been 
studied thoroughly in discharge tubes and, apart from the afterglow which 
is probably only a flame due to recombination at low pressure, no bands 
corresponding to the flame have been observed. 

. If the band spectrum is emitted by CO, then there appears to be only one 
way of reconciling these facts, that is by assuming that the molecule has a 
very difierent shape or size in the ground and excited electronic states. The 
possible efieot of such a change of size is best seen by comparison with the 
Schumann-Runge band system of oxygen, which affords probably the best 
diatomic example of a big change of size (mtemuclear distance) of the 
molecule in the two electronic states. In this case the absorption bands 
observed by Schumann lie below 1900 A and require the electronic energy 
49,846 cm,-^ plus a large vibrational energy to account for the intense 
vibration of the molecules in the excited state set up by the sudden change 
in equilibrium internuclear distance when the electronic transition occurs. 
Thus only bands on one limb of the very open Franck-Condon parabola, 
those bands with high values of v’, the upper vibrational quantum number, 
are observed in absorption. In emission in a high tension arc in oxygen 
Runge observed bands of this system in the region 4400-3100 A. These 
bands correspond to the other limb of the Franck-Condon parabola, the 
transitions involvmg the electronic energy change 49,846 cm.“^ less a large 
amount of energy due to vibration of the molecules in the ground state. 
These Runge emission bands do not, however, appear in discharge tube 
sources, this being due presumably to the inability of that type of excitation, 
which is chiefly by electron impact, to excite the oxygen molecule to an 
electronic state in which the internuclear distance is so much greater. For 
a tri-atomio molecule the occurrence of such an extreme change is much mure 
likely than for a diatomic molecule because, in addition to a change m 
internuclear distance, there is also the possibility of a change of shape. For 
the sulphur dioxide afterglow (Gaydon 19346) a less extreme case of this 
difference in region between the emission and absorption spectrum is 
indeed observed; the absorption from the ground state lies around 3000 A, 
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while the afterglow bands, which are known fitom the analysis to definitely 
involve the ground state, lie around 4300 A. Thus, if there is a big change in 
the size or shape of the CO| molecule, the big difference in the regions of 
absorption (< 1700 A) and emission (3000-6000 A) and the non-appearance 
of the bands in emission in disoharge tubes might be accounted for. On the 
basis of the above discussion it will be assumed, at all events tentatively, 
that the carbon monoxide fiame bands are due to CO, and correspond to 
transitions to rather high vibrational levels of the ground electronic state. 
The vibrational levels of the CO, molecule are known from the study of 
the infra-red absorption spectrum (Dennison 1932 , 1933 and references 
given therein). The three fundamental vibrational frequencies are Vi 
(symmetrical) about 1300 cm. (this is actually split into two by degeneracy 
and resonance with i^,), v, (transverse) = 667 cm.“^, and i', (asymmetrical) 
= 2360 cm.~^. Some of these frequencies might be expected to appear as 
differences between the wave-numbers of the carbon monoxide fiame bands. 
Kondratjew ( 1930 ) identified the interval of about 600cm.~^ with 
(667 cm.~^) and the present attempt at analysis also shows up strongly this 
interval, which has a value of about 666 in the region of the spectrum 
studied here; it is of course to be expected that the interval will be less 
than 667 for transitions to high vibrational levels owing to the anharmonio 
factor, some of Kondratjew’s intervals are between bands at higher 
frequency than those presented here, and this would accoimt for his giving 
the average value of the interval as high as 600 cm The other observed 
intervals of the flame bands are less easily accounted for. If the 1600 mterval 
were chosen as fundamental it could, on account of its firequent occurrence, 
only be assigned to the lower electronic state, and in this case could not be 
due to carbon dioxide. If, however, the 2066 interval is selected as the 
fundamental, then it may be possible to identify this with the asymmetric 
V, = 2360 of CO,. This agreement cannot be considered really satisfactory as 
the discrepancy seems very laigo to be accounted for by anharmonic 
factors, but it is just possible that if the molecule is in a highly excited level 
of the transverse vibration the asymmetrical vibrational frequency may be 
lowered quite considerably. The symmetrical frequency of about 1300 om.~^ 
for CO, is not apparent ^m the analysis of the flame bands. Other weak 
frequency differences which are observed in the flame spectrum, such as 
346 or 1366 cm.~^, might be assigned to the upper electronic state. 
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ThB SLIOTBOKIO LBVBLS OF CARBON DIOXIUB 

It is known that, since carbon dioxide is diamagnetic, the ground 
electronic state is of the type (Mnlliken 1935 , p. 721) and it has been 
pointed out by Herzberg ( 1932 ) that normal CO in its ground state and 
an unexcited oxygen atom 0(*P) cannot give this level. Herzberg 
assumed therefore that the products of dissociation of normal CO, would 
probably be not 00(^27) + 0(*P) but C0(‘i7) + 0(‘D) This hypothesis is 
open to the objection that CO, is known to be a linear symmetrical mole¬ 
cule, and if it was built from CO(^i7) and 0(^D) this would probably not 
be the case. Schmid ( 1936 ) has suggested that the normal CO, is formed 
from C0(o *77) and a normal *P oxygen atom. This a *77 level of CO has an 
energy of about 8 eV above the ground '2’ state and is formed from a *S 
carbon atom and a normal *P oxygen atom, giving a symmetrical construc¬ 
tion for the CO, molecule of 0(*P)-t-C(‘S)-l-0(®P). The normal state of 
carbon is *P which is some 4*4 eV below the *S level. It has been recognized 
(e.g. Van Vleok ( 1934 ) and Voge ( 1936 )) that quadrivalent carbon, as in 
hydrocarbons and saturated orgamc compounds generally, is m this 
excited *S state. 

Since in the combustion we have no evidence for the prior excitation of 
the carbon monoxide to the a *77 level, from which the Cameron band 
system of CO (bands at AA2268, 2369, 2491, etc.) would be emitted, it may 
be supposed that in the combustion process CO, is formed from the un¬ 
excited C0(^2) and oxygen and that the CO, so formed must then undergo 
an electronic transition to rea<:h the ground state. 

Mulliken ( 1935 , p. 738) has also discussed the nature of the excited 
electronic states of CO, and has arrived at some very interesting conclu¬ 
sions; the first excited levels above the ground state are likely to be *77 
or *77, but the transition to the ground state would be forbidden by the 
selection rules for linear symmetrical molecules; Mulliken then proceeds to 
identify, tentatively, the weak absorption centred etround 1600 A with this 
forbidden transition, suggesting that the selection rules might be weakened 
if the equilibrium form of the molecule in the upper level is triangular. 


Discussion 

It has been shown that the possible emitter of the flame bands can be 
limited to certain oxides of carbon, of which CO, is the most likely. The 
spectrum of the flame is not, however, the same as any known spectrum of 
CO, obtained in either emission or absorption. By assuming that the 
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molecule in the excited electronic state is of different shape (probably 
triangular) from the linear unexcited molecule it may still be supposed that 
the bands of the flame are emitted by CO, in an electronic transition to 
the ground state. 

The analysis does not prove as conclusively as might be expected that the 
lowest level of CO, is involved. The anal 3 rBiB of the spectrum and the inter¬ 
pretation thereof is, however, complicated by lack of knowledge of the 
Adbrational selection rules for electronic transitions in polyatomic molecules. 
Herzberg and Teller ( 1933 ) and Ku ( 1933 ) have discussed these, but such 
rules as have been derived neglect important anharmonic factors, and 
cannot be applied without a knowledge of the type of the electronic tran¬ 
sition and the symmetry of the molecule in both electronic statw. 

If the 666 wave-number difference observed in the flame bands is iden¬ 
tified with the transverse vibration v, 

ot-c-Jo 

of carbon dioxide, then the strong excitation of this form of vibration 
strongly supports the hypothesis that the excited state of CO, is triangular, 
as the transition to the linear state would obviously leave the molecule 
deformed from the linear shape in such a way that the transverse vibration 
would be strongly excited. If the 2065 interval in the flame bands is 
tentatively identified with the asymmetric i',, this might indicate that the 
excited molecule itself has an as 3 nnraetrioa 1 form 

If the flame bands do, as seems likely from this discussion, correspond to 
an electronic transition from a triangular electronically excited CO, mole¬ 
cule to the linear unexcited state of the molecule, then the molecules after 
this transition will be left with a very large vibrational energy. The mole¬ 
cules formed would not therefore be in thermal equilibrium and might be 
regarded as ‘vibrationally activated’ if this vibrational energy required 
an appreciable time to be dissipated. This is probably the cause of many of 
the peculiarities of the combustion of carbon monoxide, with which it is 
hoped to deal more fully in later work. 

It 18 a pleasure to express my thanks to Professor A. C. Egerton for his 
continued interest and many helpful suggestions. I also wish to thank 
Dr D. M. Newitt and Dr B. W. B. Fearse for helpful discussion, and Messrs 
Radiation, Ltd., for the Fellowship during the tenure of which these 
investigations have been made. 
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The high-frequency resistance of superconducting tin 

By H. London 

WiUi Physical Laboratory, University of Bristol 
{Communicated by A. M. TyndaU, F.S.S. — Received 11 July 1940) 

The high-frequonoy reaiatanoe of tin m the euperoonduoting state was 
mecwured at a wave-length of 20-S om. by a oalonmetrio method based on 
the principle of eddy-current heatmg. It was found that the resistance 
decreases gradually when the temperature falls below the transition pomt 
in contrast to the sudden drop in reeisttuice peculiar to direct currents. An 
explcuiation of such a behaviour is given based on the assumption of the 
Hunultsuieoua presence of normal and superconducting electrons. Good 
agreement between theory and oxperunent was found. 

Absolute measurements of the conductivity in the normal state at low 
temperatures with both high and low firequenoies were cturied out, and it was 
found that at the temperature of liquid helium the conductivity for high 
frequency is considerably lower than for low frequency. This behaviour is 
possibly due to the fact that the mean tree path of the electrons becomes 
iarger tlian the penetration depth due to skin effect under the conditions of 
high conductivity and high ftequenoy. 

Introduction 

It has been pointed out in a previous paper (H. London 1934 ) that the 
possible simultaneous presence of superconducting and normal electrons 
would manifest itself by a resistance which is present for currents of very 
high frequency but absent for direct current. This resistance is due to the 
fact that the magnetic field associated with the electric current penetrates 
into a thin surface layer of the superconductor. If this magnetic field varies 
with time, an electric field will be induced and any normal conducting 
electrons which may be present will move in this field. Since they are subject 
to damping, they will produce Joule heat and give rise to an alternating 
current resistance. 

Calculations on this basis show that if the number of superconducting 
electrons is comparable with the number of atoms, the alternating current 
resistance is exceedingly small except at very high frequencies. 

After some preliminary measurements at 3'7 x 10 ^ and at 1'5 x 10^, the 
final measurements were carried out at 1*46 x 10* cyc./sec., which corre¬ 
sponds to a wave-length of 20-0 cm. 


[ 622 ] 
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Apparatus 

Most of the methods hitherto employed consisted in a purely eleotrioal 
measurement of the resistance. As the resistance in question is very low, 
such methods are not very reliable. In particular, it is impossible to measure 
such low resistances abaoltUdy at very high frequencies. The method used 
in the present experiments avoids the difficulties by measuring the Joule 
heat generated by a current induced in an ellipsoid of tin by an alternating 
electric field. 

The calorimeter C consisted of a small pyrex glass vessel containing the 
tin specimen. It was thermally insulated by a vacuum jacket J which could 
be evacuated by the tube T. A capillary c connected the calorimeter to 
a mercury manometer Jif^. Through this capillary the calorimeter could also 
be filled with liquid helium. If heat was generated in the tin, helium 
evaporated and the manometer rose. The rate of rise enables one to calculate 
the Joule heat, while the jiosition of the manometer gives the vapour 
pressure of the helium in the calorimeter and hence its temperature. The 
manometer was read by a telescope with vertical traverse reading to ^ J q mm. 
The position of the meniscus could be measured with an accuracy of 
0*06 mm. 

The vacuum jacket with the calorimeter was placed in a Dewar vessel 
which formed part of a small Linde liquefier.* It could be filled with liquid 
helium; this Dewar vessel was surrounded by another one, D„ which was 
filled with liquid nitrogen. The lower parts of both these Dewar vessels 
were narrowed in order to fit into the oscillatory circuit which produced 
the alternating magnetic field. Heat radiation from outside was prevented 
from reaching the calorimeter by a screen 8 of black paper placed inside the 
liquid helium bath. This screen was painted with colloidal graphite, which, 
however, did not form a continuous layer, as otherwise it would have 
screened the high frequency. The glass of the Dewar vessels and the liquefier 
in the upper part of the inner Dewar gave additional protection against 
heat radiation. 

The part of the capillary c which was at liquid helium temperature had 
an internal diameter of 0-3 mm. This diameter increased gradually to about 
0*8 mm. in the room-temperature region. In this way the dead volume which 
is more effective at low temperatures was kept small, and at the same time 
the fiow resistance which increases with temperature was not too high. It is 
particularly important to keep the capillt^ narrow inside the vacuum 
jacket, as the temperature of this part varies with the flow velocity of the 

• A description of this liquefier, which departed from the all-metal technique 
hitherto employed, will be published elsewhere. 
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evaporating helium. If the capillary is too wide, this causes irregularities 
of the temperature drift after the high frequency has been turned off, until 
temperature equilibrium is restored. 

The high-frequency magnetic field was produced in an oscillatory circuit. 
It consisted of a brass tube of 6 cm. length, 3 cm. internal diameter, and 
0-8 mm. wall, spht at opposite sides by gaps parallel to the axis. The tube 
acted as a self-inductance, and the two gaps which were about 0-8 mm. wide 
formed condensers. The resonance wave-length of this arrangement was 
20'5 cm. The ends of the split tube were surrounded by two short brass tubes 
of 3 cm. length, 4*7 cm. internal diameter and 1 mm. wall. These reduced 
the stray magnetic field of the oscillator and therefore diminished the 
radiation loss. One of the condenser gaps was connected to a tuned trans¬ 
mission line which led to a magnetron valve (G.E.C.-C.W. 10). The latter 
was sufficiently far distant to prevent the stray field of the magnet from 
affecting the superconductivity of the specimen. The line was bridged at 
a distance of one-quarter of a wave from the condenser gap, since otherwise 
the line would oscillate with a voltage node at the condenser gap at a fre¬ 
quency slightly different from the resonance frequency of the oscillatory 
circuit, as for all other frequencies the gap represents practically a short 
circuit. 

The intensity of the oscillation was measured on an arbitrary scale by 
a vacuum junction and galvanometer, the former being connected to the 
other condenser gap by a quarter wave transmission line. The absolute 
value of the magnetic field for a given galvanometer deflexion was deter¬ 
mined by calibration measurements at the temperature of liquid nitrogen, 
where the conductivity of tin is well known. 

As an additional check the field was also determined by means of an 
ordinary mercury thermometer divided into tenths of a degree, which was 
inserted into the alternating magnetic field. The two methods agreed within 
about 10 %, which is within the limits of error. 

The frequency was measured m the usual way by means of a Lecher wire 
system. 

Outside the high-frequency circuit was placed a pair of Helmholtz coils 
by means of which an alternating field of 60 cyc./seo. could be produced. 
This was used for measuring the low-frequency conductivity of tin and for 
calibration purposes. The screening effect of the short brass tubes sur- 
roundmg the ends of the oscillatory circuit was calculated and found to be 
negligible at 60 cyc./sec. Still further outside there was another pair of 
Helmholtz coils by which the earth’s field could be compensated to less 
than 0 02 oersted. 
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The specimen was made of 90-996 % Hilger tin. It had the shape of an 
ellipsoid, its length was 3 cm. and its diameter 0-43 cm. It was melted 
in vacuo and solidified by raising the furnace slowty in order to avoid the 
formation of cavities. The sample obtained by this method consisted of 
a few large crystallites. A material of such structure was desirable as it 
transforms into the superconducting state in a smaller temperature interval 
than finely crystalline material (de Haas and Voogd 1931 ). 

Procedure 

Since the Joule heat to be measured is very small (down to about 
6 X 10 * cal./min.), great care has to be taken in order to keep the tem¬ 
perature drift due to heat conduction small and regular. This can only be 
achieved if the vacuum inside the vacuum jacket is very good. It is impos¬ 
sible to obtain such a vacuum if the calorimeter is cooled in the usual way 
by filling the vacuum jacket with helium gas until the specimen has assumed 
the desired low temperature, and then pumping the gas away. A special 
technique suited to the present liquefior had therefore to be evolved. After 
the calorimeter had been cooled and filled, it was connected with the 
manometer The liquid helium still loft in the capillary evaporated and 
the measurements could begin. Those consisted in reading the manometer 
every half minute in order to measure the temperature drift due to heat 
radiation, switching on the high frequency for a period of 2-5 min. and then 
again taking the temperature drift until it had become linear again. 

The gas taps of the manometer were always handled in such a way that 
gas which had been in contact with the mercury of the manometer could 
never enter the calorimeter, in order to avoid amalgamation of the specimen. 
Another precaution consisted in annealing the tin between the experiments 
at about 150° C for several hours in an atmosphere of helium or mtrogen, 
in order to counteract any possible transformation of the tm into its grey 
modification stable below 18° C. This might have occurred while the tin 
warmed up slowly after an experiment. The cooling always took place very 
rapidly. 


Evaluation ok the measurements 

In these measurements the helium does not evaporate at constant 
pressure. Therefore apart from the latent heat of evaporation the heat 
capacity of the calorimeter and the thermal expansion of the liquid and 
gaseous helium also enter into the relation between heat developed and the 
rate of rise of the manometer. The relation is somewhat complicated but 
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can be expressed in terms of known data and is here omitted for the sake of 
brevity. The heat capacity of the glass container could be neglected. AU 
calibrations of the calorimeter agreed to within 7 %. 

The relation between the normal conductivity <r and the Joule heat q 
per sec. produced by a msignetic field of frequency o and r.m.B. intensity^ 
is given by the following expression, which applies to small field penetration: 

^ 47ro6[i€V(l-e«) + (g«-^)arc8ine] 
e*(l-A/47r) 

with the demagnetizing factor 


a and b are the semi-axes of the ellipsoid and e its excentricity. 8 has the 
physical meaning of that part of the surface of an infinite cylinder in which 
the same heat q would be produced. 

For the measurements at 50 cycles the approximation of small penetration 
is not applicable. Since the ellipsoid is rather long, a good apfuroximation 
can be obtained by neglecting the derivatives of the field strength in the 
direction of the longer axis. One can then calculate the heat developed in 
any small disk perpendicular to the longer axis, as if the disk were part of 
an infinite cylinder having the radius of this particular disk. This problem 
can be solved rigorously and the total heat of the ellipsoid found by graphical 
integration. In the case of small penetration this method gives a result 
which agrees with (1) within 6'3 %, the discrepancy being mainly due to the 
fact that the demagnetizing effect is neglected in our approximation. Since 
this effect decreases with increasing jienetration, the accuracy in cases where 
our approximation is used is much higher. 

In the superconducting state the conductivity as defined by equation (1) 
has no physical significance. We shall represent the results in terms of the 
heat observed divided by the square of the applied magnetic field. This 
quantity is proportional to the high frequency resistance. 


Kbsiji,T8 

(a) The transition curve 

In figure 2 the high-frequency resistance B divided by an average value 
of the resistance in the normal state just above the transition point has 
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been plotted against the absolute temperature (Leiden 1937 scale). At 
lower temperatures the points 6 ue plotted on a 10 times larger scale for 
RjR^. Instead of the sudden decrease of resistance observed with direct 
current, we find a gradual decrease of RjR^ below the transition point. The 



value of the resistance observed at 2'3‘’ K is only 0-6 yo of the resistance in 
the normal state. From preliminary blank experiments made at a wave¬ 
length of 2 m., it is probable that the heat observed at 2-3° K is partly 
produced in the glass container. Unfortunately, the war made it impossible 
to make a blank run with the 20*5 cm. wave. Thus we have to take the value 
0-006 at present as the upper limi t of the resistance at that temperature. 
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It is not probable that the heat due to the glass varies very much in the 
comparatively small temperature interval between 2-3 and 3*76° K. In 
order to minimize the uncertainty introduced by this effect, we have 
diminished all the results by 0 003ff,^, that is, half the effect observed at 
2-3° K. Then the error due to the glass will probably be nowhere greater 
than 0-6 % of the normal resistance. The measured points plotted in figure 2 
are already corrected in this way. Apart from this constant error, there will 
be a proportional error of about 10 % for T > 3*6° K. Below this temperature 
the measurements are less accurate. The error is partly due to uncertainties 
in the drift correction and partly due to variations in the magnetron valve 



Figukk 2 

which did not settle down to stable conditions in the comparatively short 
heating periods The temperature interval covered during each heating 
period was always below 0-024°. The actual error in temperature is always 
less than 0*006° The peak value ofthe field was always less than 0*37 oersted, 
which would cause a decrease in transition temperature of only 0*003°. 

The point in figure 2 marked with a cross was obtained after the super¬ 
conductivity had been temporarily destroyed by a strong magnetic field. 
This }K>int lies less than 0*0016 above the adjacent point which was obtained 
before the field had been switched on. This is an indication that magnetic 
flux has been pushed out again nearly completely, since otherwise the 
remaining flux would have caused normal conducting inclusions which 
would give rise to an additional high-frequency resistance. As has been 
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pointed out by Keeley and Mendelssohn ( 1936 ), complete expulsion of the 
lines of force is a criterion for high purity of the specimen. 

The resistance begins to fall off about 0 - 01 ° above 3*723° K (vapour 
pressure 46*6 cm. Hg), which is the transition temperature of perfect single 
crystals of tin according to de Haas and Voogd ( 1931 ). This is in agreement 
with observations of these authors with specimens which like ours consisted 
of several large crystallites (l.c. figure 1 ; Sn 6-'30). With these they found 
an increase of the same order of magnitude in the temperature at which 
the first decrease in resistance occurred. 

The high-frequency resistance observed in the present experiment is 
only about one-sixth of that observed by Burton and others ( 1933 ) with 
constantan wires coated with tin at a wave-length as long as 10 m. The 
difference is probably due to a penetration of the high frequency Held into 
the constantan. 

( 6 ) Conductivity in the normal slate 
<r in ohm-* cm.“* p/Po 

T " 146xl0» 1-46 xl0» DC 

® K M oyc./sec. oyo./soo. 60 oyc /sec. cyo./seo. (Tuyn) 

19 1 00x 10* 0-79x10* 0 009 0 012 0 0102 

3-8 16 0 X 10* 2-06x 10* 0 00064 0-0046 0 0008 

The table gives the absolute conductivity and the specific resistance in 
terms of the resistance at 0°C (po = 0-106x 10 * ohm cm.) at both low 
and high frequencies, and for comparison the direct current resistance 
found by Tuyn ( 1929 ). The accuracy of these measurements is about 16 % 
with the exception of the value at 3-8° K with 60 cyc./sec., the accuracy of 
which is only 25 %.* The table shows that there is good agreement with the 
D.C. values except for high frequency at hehum toiniieratures, where the 
resistance is much higher than for low frequency. A small deviation in the 
same direction seems to be present also at 10° K. 

Discussion 
(a) The transition curve 

The simultaneous presence of superconducting and normal electrons 
referred to in the introduction can be represented by a modification of 
Ohm’s law: . 

J=(rfe-|-iE, (2) 

* The aoouraoy is lower m this ease because the Joule heat as a function of the 
conductivity has a maximum which for 60 cycles lies near the observed value of the 
conductivity. 
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where a is the conductivity of the normal conducting electrons and A is 
a quantity taking account of the inertia of the superconducting electrons. 
A is connected vrith the thickness A of the layer into which a stationary 
magnetic field penetrates by the expression 


A 


47rA« 
c» • 


(3) 


This formula was first introduced (H. London 1934 ) as a modification of 
the theory of Becker, Heller and Sauter ( 1933 ), who treated the super¬ 
conducting electrons as free electrons which are accelerated by an electric 
field. Later, formula (2) could be incorporated in the phenomenological 
theory of 1’. and H. London ( 1935 ). /I or A define an effective number of 
free electrons per cm.® by 


_ m wic* 

® /le* 4jrA*e*’ 


( 4 ) 


where the electronic chaige is measured in electrostatic units. 

With the modified Ohm’s law ( 2 ) the theory of quasistationary currents 
of the circular frequency can be developed in the usual way. Since the 
penetration depth is very small, the problem can be treated in one dimension. 
One obtains for the magnetic field strength at a depth, x, below the surface 

a = ( 6 ) 

is the length known from the ordinary theory of the skin effect where it is 
yj times the penetration depth, while A, as was mentioned above, is the 
penetration depth due to the superconducting electrons. 

Analogous equations hold for the electric field and the current density. 
From ( 6 ) we can deduce the following expression for the relative high- 
frequency resistance 


K~9n M l + iW 


( 8 ) 


In order to compare this expression with the measurements, we require 
the temperature dependence of A and d or, in other words, of the effective 
number Ng of superconducting electrons and of the conductivity tr due to 
the normal electrons. The quantity A can be determined by experiments 
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on thin films (Appleyard, Bristow, H. London and Misener 1939 ) and 
colloids (Shoenberg 1939 , 1940 ), but so far only mercury has been investi¬ 
gated. Expressed by the effective number of electrons Ng as defined by (4), 
the results for the thin mercury films (Appleyard et al. 1939 , figure 7), which 
are in good agreement with the colloid method, can be represented by the 
empirical expression 

W = i-i(W-i(W. (9) 

with = 0-0644 times the number of atoms per cm.®. is the transition 
temperature. 

We now make the following assumptions: 

(1) Equation (9) is also valid for tin, only the constants and being 
different. 

(2) The number of normal conducting electrons Wy is given by the 
equation 

N^^ = N,-Ng. ( 10 ) 

This implies the assumption that at absolute zero all electrons are super¬ 
conducting, which is in agreement with the fact that the specific heat of 
superconducting tin contains no term proportional to the absolute tem¬ 
perature. 

(3) The conductivity <r is given by 

<rl<r, = NM, ( 11 ) 

where <r„ is the conductivity in the normal state. That is to say, it depends 
solely on the number of normal electrons and not explicitly on temperature 
or on the number of superconducting electrons. With respect to the tem¬ 
perature, this assumption seems to be justified in view of the fact that the 
conductivity of tin in the normal state is independent of temperature in 
the liquid helium region; the assumption that the superconductmg electrons 
do not infiuence the normal ones is, of course, hypothetical. 

Introducitig (4), (7), (9), ( 10 ), ( 11 ) into ( 8 ) and using for the observed 

high-frequency value of 2-00 x 10“* c® (see table on p. 629), the only un¬ 

determined quantity is the niunber of superconducting electrons at absolute 
zero, Nq. The curve in figure 2 is drawn for NJN^ = 0-213, where = 
3-90 X 10 ®® is the number of atoms per 0 . 0 . of tin. It agrees with the observed 
points within the limits of error. The deviations close to the transition point 
are due to the fact mentioned above that the resistance begins to fall off 
about 0 - 01 ° above the transition point, while the calculated curve refers 
to an abrupt change of resistance at the transition point. The value of 
NfilNj =e 0-213 electrons per atom is of the order of magnitude which one 
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would expect if the number of superconducting electrons at absolute zero 
is identical with the effective number of fim electrons (see e.g. Frohlioh 
1936 , p. 190). 

The good (^reement between experiment and theory seems to confirm 
the hypothesis of the simultaneous presence of superconducting and normal 
electrons as expressed by the modified Ohm’s law (3). But they should not 
be taken as a proof for our assumptions with respect to the temperature 
dependence of the number of superconducting electrons and to the normal 
conductivity expressed by the equations (9), ( 10 ), ( 11 ). For the main drop 
in resistance takes place within a region of O'2° below the transition point 
where the normal conductivity has not yet decreased appreciably. Thus 
the drop in resistance is due rather to the appearance of the superconducting 
electrons than to the disappearance of the normal ones. At lower tempera¬ 
tures, on the other hand, the measurements are not sufficiently accurate. 
If one makes, e.g., the quite different assumptions that the normal con¬ 
ductivity does not vary at all, er = <r„, and that the number of super¬ 
conducting electrons is proportional to 2 J. — T, one obtains a curve which 
between 3'5‘^ K and the transition point is nearly coincident with the other 
curve; at lower temperatures it is shown by the dotted curve in figure 2 . 

At lower temperatures different assumptions about <r give of course very 
different results for Ng. Accordingly the value for given above has to be 
considered merely as an extrapolation made on the assumption that (9) 
holds for tin as well as for mercury. 

On the other hand, quite definite statements can be made for the region 
near the transition point. Krst of all the experiments confirm the result 
found with thin films and colloids of mercury that the Ng(,T) curve meets 
the T-axis with a finite slope. As has been pointed out by Goiter and 
Gasimir ( 1934 ), such a behaviour exjilains the discontinuity of the specific 
heat at the transition point. Furthermore, the value of this slope at the 
transition point can be determined by meMurements within the main drop in 
resistance as it is not much affected by the particular assumptions about tr. 

At still higher frequencies a further modification of Ohm’s law is required, 
as with them the inertia of the normal electrons must not be neglected 
(H. London 1934 , formula (5)). This does nut affect the general feature of 
a gradual decrease in resistance to zero with falling temperature. In the 
infra-red, however, the conditions become different, when the wave-length 
is reached below which the absorption of energy is due mainly to optical 
transitions and not to the conductivity. Owing to the high value of normal 
conductivity at helium temperatures, this wave-length will be much larger 
than at room temperature, where it is of the order of magnitude of 20 /t. This 
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is in agreement with the observations of Daunt, Keeley and Mendelssohn 
(1937) with lead and tin, that there is no change in the absorption of infra-red 
light of a wave-length of about 10-20/t, when these metals pass into the 
superconducting state. 

(b) High-frequency resistarice in the normal state 
The anomalous normal resistance at high frequencies can probably l>o 
explained by the fact that the mean free path of the electrons is considerably 
larger than the penetration depth An increase of resistance duo to this 
effect has been observed by Lovell (1936) and Appleyard and I.<ovell (1937) 
in experiments on thin alkali metal films. 

This work was begun at the Clarendon Laboratory, Oxford and continued 
at the Wills Physical Laboratory, Bristol. I should like to express my thanks 
to Professor ¥. Simon for many valuable suggestions and to Professor 
A. M Tyndall for his supjiort and interest. I am very grateful to Dr L. C 
JcMikson for his advice and for supplying the liquid hydrogen, and to hun 
and Dr A. D. Misener for their help during the measurements. 
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On the structure of multilayers. Part I 
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{Communicaied by E. K. Bideal, F.R.8.—Received 11 Jvly 1940) 

[Plate 15] 

X-ray and mioroscopio examinationA of multilayers of certain long-chain 
esters deposited on transparent bases have been made. An X-ray photo¬ 
graph of a stationary multilayer of ethyl stearate is apparently identical 
with that obtained by rotating a single crystal of /9-ethyl stearate about the 
long axis of the cell. The spots previously observed on oscillation photographs 
of multilayers of ethyl stearate are in reality parta of circles, successive arcs 
of which appear on increasing the angle of incidence of the X-rays on the 
multilayer. These facts reveal that the multilayer consists of mioroorystals 
all onontod with one axis in common, tins axis being the normal to the 
surface of tho multilayer. The single crystals appear to have grown without 
interruption throughout the entire thickness of the multilayer, which in theeo 
mvestigations was about 1000 mol. thick. 

Whatever be tho structure of multilayers of long-chain esters at the 
moment of deposition, they consist after a certain interval of microscopic 
crystals. This was established by Stenhagen ( 1938 ) for certain long-chain 
esters. His observations were mode on multilayers deposited on metal 
bases and therefore may only refer to surface structure. Tho correspondence 
between the long simcings of the multilayers, irrespective of the type of 
deposition (A, Y, Z), and those of some of the known crystalline forms of 
the esters mdicates that these crystals may be similar to those of certain 
polymorphic forms of the substances. Owing to the fact that the side- 
spacings of neither the multilayers nor the corresponding esters have yet 
been measured we have no knowledge of the arrangement of the molecules 
in the multilayers. If we assume that the crystals in the multilayer ore 
those of one of the forms of the crystalline ester then there are two pro¬ 
blems to be solved. The first is to discover the arrangement of these crystals 
in the multilayer, and the second is to determine the actual molecular 
structure of the crystals themselves. The latter is a purely crystallographic 
problem which is conveniently dealt with separately. The former presents 
two questions: ( 1 ) whether the surface structure persists through the 
multilayer, i.e. whether a given portion is a single crystal fi»m the base 
[ #84 ] 
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to the surface of the multila^'er, and ( 2 ) how the single crystals are oriented 
in relation to one another. 

By depositing the multilayers on transparent bases it has been possible 
to examine them microscopically in transmitted light. Examination 
between crossed Nicols showed that the individual crystals extinguished 
perfectly. This indicates that the molecules are arranged in some regular 
way from the base of the multilayer to the surface, i.e. that the grain 
boundaries seen on the surface are those of single crystals which have 
grown without interruption through the entire thickness of the multi¬ 
layer. A recent paper suggests an answer to the second problem. Bernstein 
( 1940 ) has taken an oscillation photograph of an ethyl stearate multilayer 
built up on a met^ base. This shows a single side-spacing reflexion, from ’ 
which the author deduces that in the case of this multilayer all the crystals 
have the same orientation. This deduction from the photograph is not 
justifiable, since it implies that the multilayer is a normal mosaic crystal. 
The only conclusion which can be drawn fi*om the presence of this discrete 
reflexion is that the multilayer does not consist of crystals arranged 
entirely at random. 

The experiments to be described show that the side-si>acing reflexion 
observed by Bernstein is in reality not a spot, as would bo the case from a 
single crystal, but part of a circle. The rest of the circle and also parts of 
others appeared on increasing the angle of incidence of the X-rays on the 
multilayer until finally a transmission photograph was obtained. The 
taking of such photographs has been made possible by depositing the 
multilayer on a celluloid instead of a metal base. These photographs, 
which are reproduced, show that the small crystals composing the 
multilayer are oriented with one axis in common, and this interpretation 
has been fully confirmed. The following account deals with observations 
made on multilayers of ethyl and methyl stearates and octadocyl acetate. 
The X-ray examination of multilayera of the last compound led to the 
same conclusions as for ethyl stearate The work on ethyl stearate is 
described in greater detail because by far the best photographs were 
obtained fiom ethyl stearate multilayers and also because a crystallo¬ 
graphic examination of single crystals of this compound is m progress, and 
it is hoped that this will make possible a complete interpretation of the 
multilayer photographs. 

Before proceeding to give the detailed results it should be pointed out 
that all the conclusions, like those of other X-ray workers in this field, 
refer to the structure of the multilayers some time after deposition, since 
the time required to take an X-ray photograph is of the order of several 
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hours. We have observed, that the freshly deposited multilayers show no 
miorocrystalline structure, this appearing after ^1 hr. It is hoped to 
investigate the detailed changes which may take place in the multilayer 
immediately after deposition. There may, for example, be loss of water 
followed by reorystalhzation, for it must be remembered that we are 
working at temperatures very near the melting points of these compounds 
(e.g. ethyl stearate, m.p. 33-6°), and molecular rearrangement may take 
place easily at room temperature. 

Prkpabation of thk multilaybm 

The monolayers of the esters were deposited from distilled water on to 
thin transparent sheets of various materials, celluloid, cellulose acetate, 
perspex, polystyrene, formvar, vinyl acetates and other synthetic resins, 
by the method described by Blodgett (1935) and also by means of a 
mechanical dipper. Celluloid sheets were found to give the most satis¬ 
factory results, for the X-ray diffraction of this base interfered least with 
the interpretation of the photographs. The small celluloid strips, about 
1 cm. square, were held on both sides of a chromium-plated holder by 
means of pure vaseline. The multilayer was thus deposited on only one 
side of the celluloid strip which could bo easily removed from the metal 
base after deposition of the monolayers and placed in supports for X-ray 
and microscopic examination. This enabled photographs to be taken for 
any angle of incidence of the X-ray or light beam. X-ray photographs of 
multilayers deposited mechanically and by hand appeared to be identical. 
Films of ethyl stearate and of octadecyl acetate were deposited under a 
piston pressure of 31 dynes/cm. (oleic acid) and those of methyl stearate 
under a piston pressure of 18 dynes/cra. (castor oil); all gave F-deposition. 
All traces of dust and small crystallites from possible excess material on 
the surface or from collapsed films were carefully avoided. The compounds 
used were those described by Alexander and Schulman (1937). 


MiCBOSCOFIO BXAaHNATION 

Ethyl stearate. Examination of the film with high magnification between 
crossed Nicols showed the film to consist of very small single crystals, 
each with a definite extinction direction. Detailed examination of a small 
portion of the multilayer showed that these extinctions are grouped 
about two mean directions inclined at approximately 45° to one another. 
This is seen from a pair of photomicrographs taken between crossed Nicols 
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for two pomtionB of the Xiools relative to the multilayer. The two positions 
of the optic axis of the analyser with respect to the dipping direction are 
shown in figure 1, and in plate 16 it is seen that the photographs c and e 
are approximately complementary, i.e. the portions which are black in 
one are white in the other. If the extinction directions of all the crystals 
composing the multilayer lay along either a or 6 this 
would be equivalent to simple twinning. However, 
measurement of the extinction directions of the in¬ 
dividual crystals shows that they are distributed over 
a wide range of angle on each side of the mean 
directions a and b. For this reason, presumably, the 
X-ray photographs do not show this twinning effect, 
but it is sufficiently striking in the photomicrographs 
to be worth recording. 

Methyl stearate. Photomicrographs of a methyl 
stearate multilayer show an entirely different struc¬ 
ture. Between crossed Niools much of the field was 
extinguished at the same time and the intermediate ?^ocTi^ 

portions were brought into the extinction position by (o, 6) of the miorocry- 
a rotation of the Niools relative to the multilayer of ***»•* steu- 

only 18 ° (plate 15 o, 6). In contrast to the well-defined multilayer, 
single crystals in the ethyl stearate multilayer methyl stearate shows 
larger areas extinguishing uniformly, and on rotation of the Nicols the 
dark areas move across the field, suggesting a gradual change in orienta¬ 
tion of the crystaUites in neighbouring parts of the multilayer. These 
effects and the striations parallel to the dipping direction suggest that the 
crystallization of the multilayer has proceeded differently from that of 
ethyl stearate, and the X-ray photographs were inferior to those of ethyl 
stearate multilayers. For this reason the latter have been studied in 
greater detail. In plate 16 an enlargement of c is shown (d) to emphasize 
the differenee in microcrystalline structure between the methyl and ethyl 
stearate multilayers. 

Octadecyl acetate. Between crossed Niools multilayers of this compound 
were seen to bo composed of large irregular patches most of which ex¬ 
tinguished perfectly for a particular setting of the Nicols as m the case of 
ethyl stearate. Other patches showed a dark brush which travelled across 
the patch as the Nicols were rotated with respect to the multilayer. One 
or two specimens showed very small needle-shaped crystals oriented at 
random, but these were probably due to partial melting and reor3rBtalliza- 
tion on the surftuje. 
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X-BAY BXAHINATION 

Ethyl stearate. A series of X-ray photographs hare been taken of ethyl 
stearate multilayers (approximately 1000 mol. thick) using a Metalliz 
tube with copper anti-cathode running at 25 mA, the beam being mono- 
chromatized by reflexion from a or 3 rBtal of pentaerythritol. The multi¬ 
layer was first oscillated through 16° about an axis in its own plane, the 
X-rays being parallel to the surface at the beginning of the oscillation. 
The dipping direction was chosen as a suitable axis. Plate 16/shows the 
photograph (0-16°) obtained with an exposure time of 6 hr., the flat plate 
being at a distance of 4 cm. from the axis of oscillation. Apart from the 
first seven main orders there is a layer line of six spots at ^ 0*34 and one 

other reflexion at g = 0‘09, ^=0*41. The spacing of the main orders 
(26-2 A), which is approximately that of single crystals of /9-ethyl stearate 
(Malkin 1931 ), shows that we are dealing with the same type of multilayer 
as examined by previous workers. The multilayer was then tilted in its 
own plane and this photograph retaken. It was found that the same 
photograph is obtained by oscillating about any axis in the plane of the 
multilayer. A set of 15° oscillation photographs was then taken starting 
with the X-rays parallel to the surface (0-16°) and ending with the X-rays 
passing normally through the multilayer (76-90°). These photographs 
show that all the spots except the main order reflexions are portions of 
circles, consecutive arcs of which appear as the angle between the X-ray 
beam and the normal to the surface decreases. The interpretation of the 
photographs is most simply given in terms of the reciprocal lattice in 
which a set of parallel planes of spacing d is represented by a point at a 
distance A/d from the origm along the normal to the planes. The reciprocal 
lattice of the multilayer may be reconstructed from the photographs. 
Figure 2 (o) shows the projection of this lattice on a plane normal to that of 
the multilayer, and figure 2 ( 6 ) the projection on the plane of the multilayer. 
The reciprocal lattice of a single crystal consists of points forming a three- 
dimensional array, that of an aggregate of single crystals oriented at 
random consists of spheres around the origm. The X-ray photograph in 
the latter case is the powder photograph which, if taken on a flat plate, 
is a series of concentric circles. In this multilayer we have an intermediate 
case. Instead of the crystals being oriented entirely at random they all 
have one axis in common owing to the fact that the angle of tilt of the 
molecules to the surface is constant. The reciprocal lattice of the multi¬ 
layer is therefore the result of rotating the lattice of the single crystal 
about a line. The main orders lie on this line (the normed to the surface 
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of the multilayer) and therefore remain points, but all other jmints in the 
lattioe become oirolee. Accordingly, if the multilayer is oscillated through a 
limited angle, arcs of circles appear on the photographs. Moreover, even 
with monochromatic radiation and with the specimen stationary spots 
are obtained on a photograph since the sphere of reflexion cuts a number 
of droles in the reciprocal lattioe. As a check on this interpretation the 
portions of each circle which should reflect on a given photograph were 
deduced graphically from the reciprocal lattioe. These corresponded 
precisely to the photographs of plate 16/. 





FiauKB 2. (a) Portion of the reciprocal lattioe of the ethyl stearate multilayer pro* 
jected on a plane perfiondioular to that of the multilayer. The heavy linos ore the 
projections of oiroles and give nse to the reflexions, other than the mam orders, m 
the photographs of plate IS/. (6) Projection of the same lattioe on the plane of the 
multilayer. 

The spacings of the strongest side-spaoings are 3’85 and 4-16 A. The 
weaker intermediate reflexions on the layer line correspond to spacings of 
4"38 and 4«61 A. The main orders (001) show interesting intensity varia¬ 
tions. The intensities fall qif suddenly after the first four orders, which in 
relative intensities have the following sequence • 002 > 003 > 001 > 004. The 
next four orders are weak, and 009 and 00.10 were not observed with an 
exposure time of 6-6 hr. The reflexion 00.11 is strong and 00.12 very weak. 
The appearance of the strong eleventh order is due to the fact tliat alternate 
carbon atoms of the chains are in phase for this reflexion. Assuming the 
C-C distance to be 1-64 A and the tetrahedral angle between the carbon 
bonds we have 

• Q_ c( = 26-2) 

11x2(1’64cob36“)’ 
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whence the angle of tilt {0) of the chains to the surface may be calculated 
as 66°. The presence of 00.12 suggests that this angle may be rather less 
than 66°. In addition to the main order reflexions corresponding to 
c = 26-2 A,t two other reflexions have been observed in the same zone. 
We have not yet found a satisfactory explanation for the presence of these 
two spots. One, which is very weak, lies midway between 002 and 003 and 
therefore corresponds to a spacing of 10*08 A. It will be noticed that this 
point in the reciprocal lattice lies in the plane of the circle corresponding 
to the strongest side-spacing. Normally the presence of such a ‘halving’ 
would be taken to indicate that the strong reflexions are the even orders 
from planes of spacing 60*4 A instead of 26*2 A. The doubling of this 
dimension would also account for the fact that the projections of the circles 
cross the c* axis midway between the main orders, but a non-orthogonal 
reciprocal lattice (with smtable interaxial angles) rotated about c* would 
equally well explain the positions of these circles. Moreover, the doubling 
of the c spacmg does not explain the presence of the second anomalous 
reflexion which lies between, though not midway between, the sixth and 
seventh orders and is appreciably stronger than either of these. Its 
spacing is 4*16 A. It must be recorded that there is no trace of this 
reflexion on one photograph of a freshly prepared multilayer 

The photographs so far described were taken with exposures of the order 
of 160 mA/hr. Subsequently the exposure time was increased and very 
beautiful photographs have been obtained after 760-1000 mA/hr. The 
presence of circles in the reciprocal lattice having been established, it is 
not necessary to oscillate the specimen, and one photograph summarizes 
all the available data concerning the side-spacings A tracing of such a 
photograph is shown in figure 3. (A tracing is shown instead of the actual 
photograph since many of the reflexions are weak and would be lost on 
reproduction.) This photograph was taken in a cyhndrical camera (radius 
3 cm.) with the multilayer horizontal and the X-rays parallel to the 
surface. The innermost row-lines therefore correspond to the layer-lines 
on the first photograph of plate 16 /. 

The final proof of the structure of the ethyl stearate multilayer comes 
from a rotation photograph of a single crystal of the ester about the long 
axis of the cell. The photograph appears to be identical with the original 
of figure 3. The detailed interpretation of this photograph will be dealt 
with in Part II. It is clearly impracticable to attempt to reconstruct the 

t The value 25*7 A for this spacing recorded by Stenhagen ( 1938 ) appears to be 
too high. Malkin ( 1931 ) gives 26-6 A for the crystalline ester and Bernstein (1940) 
20*2 A for the multilayer. 
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redprooal lattice of the single crystal from that of the multilayer ainoe all 
that we know about the position of a point in the former is that it lies 
somewhere on the circumference of the circle in the latter reciprocal lattice. 
Since we are dealing with single crystals of /?-ethyl stearate it is far simpler 
to study single crystals of this compound and then to reconstruct the 
reciprocal lattice of the multilayer from that of /9-ethyl stearate. 



FiatJM 3. Traamg of an X-ray photograph of an othyl atoarate multilayer. 

Octadecyl acetate. Stenhagen ( 1938 ) has shown that there are two forms 
of built-up multilayers of octadecyl acetate—a ‘single-layer’ form of 
28*7 A spacing and a ‘double-layer’ form of 39*0 A spacing. In the latter 
form the long axes of the molecules ate inclined at 44° to the surface of the 
multilayer. X-ray photographs of this form have now been taken about 
axes in the plane of the multilayer and about the normal to the surface. 
Orders of the long spacing up to the 22nd were observed, this reflexion 
being strong owing to the carbon atoms scattering almost in phase. The 
spacing of this plane, 1’77 A, confirms the value of 44° for the tilt of the 
molecules. In addition to the main orders other reflexions were observed, 
apparently lying on layer-lines. As in the case of ethyl stearate subsequent 
investigation showed that these reflexions are parts of continuous rings, 
so that the multilayer of octadecyl acetate clearly has a similar structure 
to that of ethyl stearate. A photograph of one multilayer showed also 
faint but quite definite layer-lines corresponding to a side-spacing of 4*2 A. 
On the first layer-line some ten reflexions could be seen, and on the second 
three weak reflexions. The separation of these spots Eilong the layer-line 
indicates that the true c spacing of the single crystals is 78-0 A. The main 
orders are therefore the even orders. The appearance of these genuine 
layer-lines was apparently due to the presence of one single crystal in the 
multilayer much larger than those normally observed. 
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A spectroscopic investigation of hydrocarbon flames. Parts 11 and III. 

By W. M Vaidya {C<mmnnicaled hy M. N. Saha, F.R.S.—Received 
15 May 1940.) 

Tho HamoH of hydrocarlxiiiu burning in atotnio oxygon havo boon ru-oxanunml m 
onlor to find out whothor tlio ethylono-llaino bands which occur oxt.onsivoly in tho 
flainoH of carlKin compounds burning in air also occur in such atomic flamm. The 
results show that othylono, acetylene and bi'niseno whicli gave tho ethylono-flunio 
bands burning m air also yield them when burnt m atomic oxygon. 'J'ho intousities 
are, however, different Methane does not react with atomic oxygen Methyl alcohol 
gives (7U, UO and the cool-flame spectrum of other, while fonnaldoliyde sliows 
only HO bands. 

Tho ethylene-flame bands ore absent from the flame of benitene burning m atomic 
hydrogen, which means that oxygon is essential for thoir production. An emitter 
like CH, 18, tborefore, nut jxiSBiblo. 

Tho results obtamod m tho study of the s{)ootra of hydrocarbon flames and tho 
flames of intermediate products, bummg m air and atomic oxygen, are discussed. 
It is suggested that, in hydrocarbon flames, the C, bonds may be produced through 
tho decomposition of a higher complex of carbon and oxygen such as (',0, and tho 
ethylono-flame bands from the decomposition of an oxy-coinpoimd fonned hy the 
direct mcorporation of an oxygen molecule m a hydrocarbon molecule, 

Thu nature of the emitter of the ethylono-flame liands is discussed. 

Tho gunoral problem of tho meohanisra of hydrocarbon combustion is discussed 
in the light of the spootrowopic data. Tt is concluded that the chain rnix-hanism in 
which oxygen atoms had been assumed as chain carriers does not seem very likely; 
the evidence ap}M>aTs to bo more m favour of tlie peroxidation theory. 
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The surface as a limiting factor in the combustion of hydrocarbons. 
By R. G. W. N 0 RRI 8 H, F.R.S. and J. D. Reaoh. (Received 17 May 1940.) 

With apooial reaction veasela, varying widely in diameter while mamtaining 
approximately constant volume, and employing several refinements in teohniipie, 
a study has been made of the effect of surface on the slow oxidation of several 
hyilrocarbons, both saturated anil unsaturated. All reactions weni of the degenerate 
branching typo, and wore found to be principally homogeneotis in character. Wlien 
the diameter of the reaction vessel was suffioiently reduced, the reaction rate was 
observed to drop abruptly toward zero, while the corresponding induction period 
increased toward infinity. Data so obtamed have demonstrated that in narrow 
vessels surface deactivation can predominate over other processes of deactivation, 
while in wider vessels surface and volume deactivation oeeiir to a comparable exUmt 
over a consiilerable range of pressure. When the vessel diameter is decreasetl to a 
critical value the surface deactivation almost alone can suppress the factors leading 
to chain branching, and from the reactions investigated the existence of such a 
critical diameter appears to lie a general projierty of hydrocarbon oxidations in 
confonmty with the theory of dogonerato branchmg. 


‘Traces* of frictional contact and experiments on adhesion. By R. 

iSc'HNiJRMAiTN. (Communicated by Sir Harold Hartley, F.R.S.—Received 
4 June 1940.) 

‘Traces’ due to frictional contact in the atmosphere can bo made visible on gloss 
plates through physical dovolopmont by the condensation m vacuo of a metallic 
vaiKiiir. Above a certain loiul traces were obtained with silver, eopiier, steel, 
lead and cadmium. 

The essential difference between traces of sliding and traces of rolling was 
demonstrateil through mieroseopio observation Traces of sliding are resolved 
into wide bands of pnxlominautly parallel lines, whereas traces of rolling consist 
of munerous isolated specks. The minimum load reijiiired fur the production of a 
trace of rolling is larger than for producing a trace of sliilmg. A more sensitive 
indicator of traces of rolling was arrived at by predeveloping glass plates 

The production of a trace on a glass plato is occompanieil by the corresponding 
generation of a trace on the metal surface. This latter trace can be olwerveil 
microscopically on the originally polished surface of a metal slider. Tiitentiuiial 
lubrication, such os Hooding the glass plate with distilled water or application of 
steariQ acid, accentuates the traces. 

Metals cast on to glass plates exhibit strong adhesion, unless they ore appreciably 
sii]ierheated before costing. The contact area appears milky and full of blowholes, 
whilst the islands between the blowholes show an etched structure. 

Evidence is produced that water vapour acts os an etching agent for the adhering 
metal surfaces. The adsorption layer trafiped at the aruas of ‘contact’ between 
etched metal and gloss is considered to Ini suffleiently thin to be adhesive. Oxygon 
etching leads to a different result, since in this case the metal crocks off the glass 
plate on solidification leaving a trace behind. 
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The theory that local melting can oooiir at aurfaoo asporities on frictional contact 
18 critically oxainmod. Traces «hio to slidmg, rolling, or strong adlicaion wore found 
under conditions which illustrate the unjxirtanoe of very thin adsorption and oxide 
layers, which the author conaidera cannot be reconciled with tho oxmtonce of “welded 
inetoUic bridges”. 


Experiments on the elementary mechanism of solid friction. Hy R. 

ScHNUKMANN. (Communtcoied by Sir Harold Hartley, F.RS.—Received 
4 June 1940.) 

If deformation of Hurfiice irregularities wore tho pnxlominant inecluiiiisiri of wilid 
friction, tho WM^ffloient of friction should have a inoasurablo teinisiriitiin* coefTlcienl. 
Apparatus is described, emboilying tho prmciplo of the inclined ])lane, on which 
exporunonts in high vaeuiim wem earned out over a wide range of toinjK'rature to 
detennino whether such a coefBciont could bo detected 

Rust and adsorbed layers worn found greatly to miluenco the rneasiin'inenls and 
a tochniipie of cleaning tho friction elements by prolonged baking out was devolopeil 
'nioreafter, oxjxiriments on oadinium in the range botwwm + 150 and — 100° (’ cliiai ly 
foroshadow tho existence of a temixiraturo coofllcieiit of static friction, computed 
at - 7-6 X 10 iM-r + 1° C 


Two-phase equilibrium In binary and ternary systems. IV. The thermo¬ 
dynamic properties of propane. By J. H. Burooynk. {CommuntcaUd hy 
A. C 0. EgerUrn, Sec R S — Received 4 June 1940.) 

Existing physical and thermal data relative to propane have ls'i>n siiinmHri/.(Hl 
and correlate'll, and some new experimontal determinations of pressun'-vuliime- 
tempi'mturo relationshi(is for the liquid at low tomjx'ratures have been cameil out 
to mako good deficiencies in the literature. On the basis of tho information thus 
obtaineil the entropy and enthalpy of pro{>ane have boon eaJoulateil for conditions 
of ti'iiijieraturo between — 80 and 200” f, and at prossunis of from 0 1 to 200 atm 
Tho results are tabulated and also prosentod graphically on a teinperoturo liase. 


The estimation of small quantities of carbon dioxide in air by the ab¬ 
sorption of infra-red radiation. By H. Dinolb and A. W. Prycb. (C'ont- 
municaied by V. H. Blackman, FR.S.—Received 6 June 1940.) 

Tliis paper describes an mvi-stigation of tho possibility of inoosiiring small amounts 
of carbon dioxide in air by tho absorption of infra-red radiation. It is shown that 
tho method is simple, trustworthy and oocurate, and is very sensitive for small 
amounta of carbon dioxide, of tho onier of that present in ordinary air. The pnncijile 
IS applied m a form superior to any hitherto used, in that tho whole of tho transmitted 



S 52 Abstracts of Papers 

radiation is moamirod instead of merely the radiation at the maximum of a particular 
absoriition Iwnd. This makes a siieotrometor unnecessary, olimmates the disturbing 
offect of variation of temperature, and allows much less sensitive detecting apparatus 
to bo used. The only |)reliminary treatment necessary is the removal of water vapour 
from the air under examination. 


The growth of nodule bacteria in the expressed juices from legume roots 
bearing effective and ineffective nodules. By H. K. (*hkn, H. Nicol and 
H. G. Thoknton. (Communicated by Sir John RusseU, F.B.S.—Received 
» June 1040.) 

StramH of pea and soy-bean nodule bacteria, difformg m their effoctivenoss in 
benefitmg the host legume, were grown in media containing the unheatetl root juices 
from unmooulated host plants and from host plants bearmg effective and “m- 
effeotive” nodules, and thoir growth was measured. The growth of the different 
bacterial strams on root juice from uninoculated plants was not correlated with 
their effectiveness. The juice from roots with effective nodules produced significantly 
better growth of the bacteria than juice from roots with inoffootivo nudiilivi in 
27 oompansons out of 44, the differences m the remaining comparisons being 
insignificant. The jiiicn from roots with effective nodules produced significantly 
better growth than the jmoo from uninooulatod roots in 10 comjiarisoiM out of 
26 and significantly poorer growth in 3 comparisons. The juioo from roots with 
meftoctivo nodules produced significantly jxiorer growth than the juico from un- 
mooiilatod plants in 11 comitansons out of 26, and bettor growth m only 1 comparison. 

The production, as a result of infection, of soluble substances affecting growth of 
the bacteria, affords an explanation of those differences in nodule growth that 
doUinnme the effixitivoness or ineffoctivunesH of the diffcixint strains of bacteria as 
i-ogards nitrogen fixation within the host plant. 


The actions of eserlne-ilke compounds upon frog’s nerve-muscie pre¬ 
parations, and conditions in which a singie shock can evoke an augmented 
muscuiar response. By S. L. Cowan. (Communicated by E. B. Vemey, 
F.R.S.—Received i5 December i939.) 

The muscular responses to ono shock, or to two shocks soparated by 3-10 msec., 
applied to the nerve of a frog's nervo-sartorius preparation, whan immorsed in 
Kmger’s sohition, containing glucose and buffered with bicarbonate, wore reason¬ 
ably constant for about 3 hr. The mam response to two shocks was followod by a 
small aftor-tension, which, like Bremer’s “neuromuscular contracture was abolishwl 
by atropme m concentration too small to influencu the mam response, or by curarine 
in concentrations which somewhat reduced the mam response. 

Traatmg norve-aartonus preparations from frogs which had been kept at 14-18° C 
fur some days before use (‘warm’ frogs) with prostigmine, eserine, or the dimethyl- 
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oarbamio ostor of S-hydroxymethylquinolintum inothylmilphato luually prixlucod no 
ohango in the main response to one or to two shocks, but augmented the after-tension 
in the response to two shocks, and caused an after-tension to follow the response to 
a single shook. On the other hand, treating preparations from frogs which had been 
kept at 0-6“ C for more than 40 hr. before use (‘cold’ frogs) with any of tlie eserme- 
like compounds caused the response to one or to two shocks to Issjomo augmented, 
us with mammalian preparations, and to be followed by irregular twitchings which 
lastml for about a second. The after-twitchings were abolished by atropine in 
eonoentrations which slightly reduced the main response, or by curarme in con¬ 
centrations which reduced the main response rather more. 

Treatmg ‘warm’ preparations with Ringer’s solution of half the usual calcium 
content, or with Ringer’s solution containing any of the following agents (which arc 
known to sensitize to stimuli of long duration), in small concentration, pniducod 
no approciable change m the resiKmsos: tetraothylammonium iodide, sislium citrate, 
guanidine carbonate, or inethylguanidmc hydrochloride. If, however, preparations 
HO treated wore also treated with any of the eserine-like compounds, their responseH 
then became like those of a ‘cold’ preparation which had boon treated with an 
uaerine-like oom]iuund. 

The responses evoked by ap[)lymg one shock, or two with an interval of 3-10 msec, 
between thorn, to the polvio end of the frog’s sartoriiis muscle, after suillcient 
curarme to render nerve stimulation melfective, were uninfluenced by any of the 
usorme-like comjiounds, or any of the flve agents mentioned m ]>aragraph 4, provided 
tliut shocks of short dimition were used; when condenser discharges of long duration 
won' used, treatment of ‘warm’ preparations with any of the flve ogonts, ui the 
same concentrations as produced the changes described in paragraph 4, augmented 
the respotwe. 

Caloiiini-deflcioncy, m largi' or small degree, afTeeteil little the rosputuw to stiinu- 
lat.ion of nuiHcle, But a moderate doflciency changisl the n-sponsos to n'ls'titivc 
Htiiiiulation of nerv(< m Much a way us might have bot'ii iinitatiHl by stimulating the 
nerve of the iintreatod prejiaration at a lower frequency. When the defloiency was 
more severe, on stimulating with 160 shocks per sec , no response was visible for 
the first 1-3 sec., the tension then roso to less than a quarter of its normal maximum, 
and afterwards fell slowly. I’rostigmine in largo concentrations produced little 
improvement, whereas calcium quickly pniducod a niai'ked impniveinent. 


The actions of eserine*like compounds upon frog’s nerve'muscle pre¬ 
parations, and the blocking of neuromuscuiar conduction. By S. L. 

(JowAN. {Communicated by E. B. Vermy, FR.8.—Received 16 December 
1»39.) 

Tlio actions of prostiginine, esenno, and the dunethylcarbamic ester of 8-liydroxy- 
methylqumolinium mothylsulphate upon the frog’s isolated nerve-sartorniH pre¬ 
paration have been exammed by a method developed by Lucas With Rmger- 
soaked preparations from frogs kept at 14-18° T for some days boforo use the 
mmunum interval at which two shocks apphod to the nerve could ohcit a sunimated 
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muscular response was about 20 % longer than tho absolute refractory period of tho 
nerve. Any of tho above-mentioned oompoimds prolonged tho mmimum interval 
for a suminated response, but caused tho tune at which an extra interpolated shook 
began to out down tho response to the final shock to become only a little later. 
Curarino or atropine rovoraod the prolongation of minimum mterval. 

Hy tho samo method, tho actions of the same oserine-like compounds upon pro- 
IMU-ations which had been treated with Ringer’s solution of half the usual oaloium 
content were oxatniniNl. Either before or after treatment, it was impossible to out 
down tho muscular rosponse by interpolating an oxtra shook. 

Tho action of prostigmine upon Ringer-soakod preparations was examined by a 
mothcKl developed by Adrian, involving determination of the rate of recovery 
of excitability in tho motor nerve at the site of stimulation and in the remaining 
more peripheral part of tho preparation. Prostigmme mfluoncod little tho recovery 
pr<M*ess at tho site of stimulation, whereas it prolonged tho slower and more peripheral 
recovery proci-ss. Curanne reversed tho prolongation of the more peripheral recovery. 

With Ringer-soaked preparations, during tho block of neuromuscular transmission 
produced by rapid repetitive stimulation of the nerve, tho rosponse of the muscle 
to ilirect stimulation was nxluct'd. If, however, neuroinuscular transmission hml 
Ixien blocked by ciimnni*, stimulation of the nerve did not reduce tho rosponse of 
the muscle to direct stimulation. 

On the turbulence of a tidal current. By J. Pboudman, F.R S. (Reuiml 
12 June 1940.) 

The paper contains a thi'oretieal investigation of the dynamics of a cum>nt when 
turbulence is of significance. The depth of watt'r is taken to bo uniform, while the 
external body-forces, the mean velocity of the current, and tho statistics of turbulence 
are taken to be uniform over all horizontal planes, though they may vaiy between 
the sea-surfaci' and tho s(>a-botU>in The statistics oonsidenxl arc those mvolvisi in 
the forces of internal friction, the rates of doing work and tho energy relations. Tho 
rotation of the earth and slow variations in time are allowed for. 

After deriving a number of formulae which ilo not appear to have Ixion previously 
placiHl on record, though they involve no new principles, a number of particular 
types of disturbance arc studied. They are- 
isotropic turbulence, 

periodic disturbance, neglecting viscosity, 
pcnodio disturbance, allowing for viscosity. 

Only tho last of these is able to account for tho phenomenon of internal friction. 
One fiarticular example is worketl out, allowing for viscosity, viz. that of a steaily 
curnsit parallel to a vertical plane and uniform between tho sea-surface and bottom. 
In this the forces of internal friction are proportional to a hyperbolic function of 
the depth below tho sea-surface. To obtam a case more like that of aotiml tidal 
ciirn-nts we should nupiire the mean current to bo such a function of the depth as 
would make tho forces of mtomal friction proportional to the depth itself But tho 
investigation of such a function would require more elaborate mathematical methods 
than those used in the pa{ier. 
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The flight of the dipterous fly Muacina Mtabulaiu Fallen. By F. R. J 

Holuck. {Communicated by J. Gray, F.R.8.—Received 17 June 1940.) 

Femalea of the dipteroiie fly Muactna atabularu Fallen wore choHon for on iri- 
veetigation of flight. 

A comparison was mode between the flight-system with the insect held stationary 
and in normal free flight, based on the resultant of those forces which mauitaiti or 
change its state of motion dunng flight. Values for this resultant were dotcnuinisl 
m thirty-two mdividuals perfonnmg regular wing movements when held stationary 
in ‘still air’. In all except four of these, the resultant force generated was equal to 
or greater than the weight of the insect. On an average, the Imo of action of the 
resultant was mclmod forwards and upwards at 4K‘' to the biKly-axis of the insect 
Tlie line of action cut the body-axis between 1 75 mm in front to 3 25 inm. tiehind 
the centre of gravity, acoordmg to the amphtude of the wing beat. In the majoritj 
of cases the point of intersection was behmd the centre of gravity in a jxisition in¬ 
compatible with stable free flight. This last result was confirmed by observing the 
path travelled by insects performing these wing movements when suddenly hlierati'd 
m ‘still air’. It was found tliat if the insect is moveil forwanls at the sjxiils of 
normal flight, with the body-axis mehned os in free flight, it continues m the same 
state of motion on liberation. 

The efleot of exposing the insect, held stationary, to n stniam of air wus investigated 
with the aid of a wind-tunnel. It was founil that in those cases where the resultant 
force passes behind the centre of gravity of the insect in ‘still air’, the resultant is 
disjiluced forwards and comm to iiass close behind, through, or in front of the cirntn* 
of gravity, depending on the velocity of the stream of air and the mclmation of the 
body-axis of tlie insect. Tliere arc good grounds for believing that the Jiving insixit 
hold stationary in an appropriate stream of air closely resembles in essentials the 
system in free flight and is therefore suitable for further study of flight In analysing 
further the forward displacement of the line of action of the nwiiltunt, it was found 
that the effoct of tlic stream of oir on the body of the fly was negligible in this 
connexion, as comjiared with tliat upon the wings. 

Tiy recording photographically the amplitude of wing beat fur ten individuals, 
it was shown that the amphtude decreasoil with increosmg nirsjMMMl and iiichiintion 
of the body-axis—an effect which might bo exiHicted to produce a backward dis¬ 
placement of the resultant, that is, in a direction opixisite to that observiwl. A study 
of the path travelled by the wing relative to the insect rovealeit u factor that would 
tend to produce the ob8er\'e<l forward displacement of the resultant. It was observed 
that when the insect is cxjKised to a stream of air the course of the downward beat 
IS displaced forwanls, so as to convert the elliptical track, characteristic of wing 
movements in ‘still air’, into the figure ‘8’ path, commonly associatctl with 
insect flight. This change in the path travcIliMl by the wings was found to be doiK-ndeiit 
upon the movement or position of the third antennal joint relative to the second, 
resulting from the action of the stniom of air on the tliinl joint with its arista. The 
characteristic flight attitude of the legs, and the continued maintcnanci^ of wing 
vibrations when air was blown upon the insect from in fmnt, wi'rc also found to be 
dependent upon the integrity of this system. 

The path travelliHl by the wing relative to the insect is also dependent on flic 
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intoiaotion of the neiuoTy inflow from the antennae and halteree, ninoe after mutilation 
of the latter the wing-movemento aasooiated with stimulation of the former were 
interrupted. 

In the appendices are described: (I) the method of moimting living insects for 
experiment; (II) the design, cahbration and use of an aerodynamic balance suitable 
for determining the magnitude of the vertical and horizontal components of the 
‘resultant’ and the position of its lino of action relative to the centre of gravity 
of the insect; and (III) a small wind-tunnel, with plate glass top and bottom, for 
observing the behaviour of the insect when exposed to a stream of air, and for 
reounling photographically the amplitude of wing bent. 


The quenching of the resonance radiation of sodium. By R. G. W. Norhtru, 
F.R.S. and W. MacF. Smith. (Received i7 June 1940.) 

The effective oross-soction for quenching of sodium resonance radiation by the 
saturated and unsaturated hydrocarbons, tertiary ammes and several diatomic 
molecules has boon measured. Tlie results mdioate that with regud to quenching 
ability the gases fall into two groups, one comprising the saturated hydrocarbons and 
the mort gases and the other the unsaturated hydrocarbons and the cuninos. Tlie 
difference in behaviour m too pronoimced to be explained m terms of the discrepancy 
lietween the amount of energy the sodium atom gives up and the quenching molecule 
can receive but may be attributed to the presence of unsaturation in the molecule. 
Withm euiy one series the number of atoms m the molecule apart from the unsaturated 
centre seems to have little influence on the quenching ability and it has boon ooncliideil 
that the quonohmg ability may bo regarded as proceeding from a centre of iin- 
saturation. The results have been qualitatively consiiiered in the light of Steam and 
Eyrmg’s theory of non-odiabatic reactions, and in the temiinology of the theory 
of the intermediate coinplex we may say tliat the presence of iiiiMHtiiration manifests 
itself in a relatively large transmission coefflciont. 


On the specific heat of the sodium chloride crystal. By £. W. Krlt.krman. 
(Cmnmumcated by M. Born, FK S.—Received 21 June 1940.) 

Calculations of about 280 proper freipienoios of the sodium chloride lattice have 
lieeii made previously. These froquencies hove been used to detormme the speciflc 
heat of NaTl according to Bom’s theory. It is shown that this niunber of frequencies 
IS siiiflciontly largo to make the determination of the frequency distribution and, 
then^foro, of the speciflc heat possible. Agreement with experiment is obtained. 
It is shown in agreement with Blackman’s investigations that tlie deviations from 
Debye’s theory as found experimentally are due to Debye's assumption of a v* law 
for the freipiency distribution instoiul of ilistribiition following from the atomic 
theory. 
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Catalytic activity, crystal structure and adsorptive properties of evapo¬ 
rated metal films. By 0. Bbbck, A. E. Smith and A. Whbbleb. {Com¬ 
municated by J. W. McBain, F.B.S.—Received 4 April 1940.) 

Metal films of liigh and reproduoiblo catalytic activity were obtained by condensa¬ 
tion of their vapours on gloss at any desired temperature. Tho catalytic activity waa 
moasurod by tho hydrogenation of ethylene. The crystal structure of those films was 
investigated by electron dif&aotion. By oontroUuig tho prossure of an inort gas 
(N|, A, etc.) during evaporation of tho metals imonented and oriented films could 
be produced at will, and their catcdytio activities were compared. 

Completely oriented mckel films wore obtained with an mert gas pressure of 1 nun., 
the (110) plane, the least dense of the planes, lying parallel to the backing and the 
two remaining axes showing random distribution. Iron films were oriented with 
thoir (111) piano parallel to the backing, the least dense piano again thus ononted. 
Low-prossure adsorption of hydrogen at room teraperaturo and of carbon monoxide 
at liquid oir temperature rovoalod that the oriented gas evaporated niokel films have 
twice the available surface per gram of randomly oriented high-vaouura films but 
ten tunes the activity. Tho oriented films liave therefore fivefold the activity of 
unoriented films. Oriented films of an available surface equal to unononted but of 
fivefold activity could also be obtamod in high vacuum by evaporation on to oriented 
films previously produced by evaporation in on inert gas. The activity per umt 
weight of tho films was oonstant, indicatmg ready aooessibiUty to the mterior of the 
film by the reacting gases. 

Adsorption of hydrogen was found to be immeasurably fast in all oases. Adsorption 
isotherms on mckel films were obtained for C^4, CO, N„ H, and O,; and the effect 
of catalyst poisoning by CO and 0„ as well as the effect of suitering, was studied. 
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Low of activity, decrease of hydrogen adsorption, and amount of poison were found 
to be proportional. 

The most extensive studies wore inado on nickel films, but films of iron, cobalt, 
palladium, platmiun and copper were also mvostigated and, with the exception of 
copper, similar results were obtamod. The enhtuiued activity of oriented films appears 
to associated with the larger distances in the (110) plane of nickel or the (111) 
plane of iron. 


On the mechanism of boundary lubrication. Part I. The action of long- 
chain polar compounds. By O Bbeck, J. W. Givkns and A. E. Smith. 
{Communicated by J. W. McBam, F.R.S.—Received 4 April 1040.) 

The ofToot of long-chain ixilar comjioundH on the coefficient of kinetic friction under 
boundary conditions has lieen studiiMl using the Uoerlagu four-ball friction apparatus 
in various modifications. With stool balls of the highest grade, cueifioiunts of friction 
for a great number of lubricants were measured as a function of tho relative velocity 
of tho rubbmg surfaces. 

Tho structure of thin films of these lubricants rubbwl on polished mild steel surfaces 
was investigated by electron diffraction. It was found that lubricants showmg no 
or little surface orientation had a constant coefficient of friction of about 0 I over 
tho available velocity range from 0 to 1 cm./soc. With oils which showed high surface 
orientation, imparted by addition of long-ehain polar oom)x>unds, a sudden decrease 
of the coefficient of the friction was observed at various velocities of the sliding 
surfaces, depending ujion tho compound used Investigation of a great niunber of 
compoimds gave a direct correlation of this effect with molecular orientation: those 
compoimds causing tho effect to occur at the lowest velocities wore found to be most 
highly oriented with their carbon chauis most nearly perpendicular to the siirfaco 
8mco such a change of tho coefficient of friction can only be explained by the wedging 
of oil under tho surface (oil drag), tho effoot was tonnod the ‘wedging effect’ leading 
to a type of liibric^itinn which may lie oalled ‘quasi-hydrodynamio’. By moasurmg 
the electrical resistance between the sliding surfaces it was found that tho regions of 
sudden docrea.su of tho coofUciont of friction correspond to a ohange from metallic 
contact to extremely high resistance. 

The investigation shows that long-cham polar compounds act priinordy by m- 
ducing the wedging effect and not by giving a direct protection to the surface. 

On the mechanism of boundary lubrication. Part II. Wear prevention 
by addition agents. By O. Bbeck, J W. Givens and E. C Wiujams, 
{Communicated by J.W McBain, F.R.S.—Received 4 Apnl 1940.) 

If two metal surfaces shde over each other in the presence of a lubricant and under 
high load, high pressures and temperatures prev^ at those isolated spots which 
actually carry tho load, loading to wear and possibly to breakdown. Tho action of 
wear-prevwtmg agents imdor these conditions has boen studied in detail, and it 
has been found that such agents are effective through their chemical polishing action, 
by which tho load becomes distributed over a larger surfaoo and local pressures and 
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temperaturea are deoreaaed. Especially effective are coinpntinds containing phos¬ 
phorus or other elements of group V of the periodic system. These have been found 
to form a metal phosphide or homologue on the surfneo which m able t/o alloy with tho 
metal surface, lowering its melting-pomt markedly, and by this action aiding greatly 
in maintaming a polish. 

Tho wear experiments worn earned out with a liighlv sensitive and ueeiiratu method 
which uses metal-plated steel balls ns its sliding elements. Under the experimontal 
conditions additions of I'S % triphenyl phosphine or triphenyl arsine in white oil 
gave wear-prevention factors of 7*2 and 12 2 respectively (it'lative to pure white oil). 
A further addition of 1 % of a long-ohain jiolar com|Kiunfi is able to double the wear- 
prevontion factor obtained with the polishing agents and wear-prevention factors 
as high as 17 0 havo boon obsorvod. Tho sjieeifically physical action of tho long-cliain 
polar compounds is disoussod in the precmlmg pajMir. 


The flame spectrum of carbon monoxide. By A U. Gaydox. {Com¬ 
municated by A.C, 0. Egerttm, Sec.R8 -—Revered 13 June 1940 ) 

Tho spootruin of tho llame of carbon monoxide burning in air and in oxygon at 
reduced pressure has liotm photographoil on pink's of high contrast which display 
the band speotnini clearly alsivo the continuous backgnnmd. (Iifaler detail has 
been obtained than has Ixien nsiordeil previously anil now mcasuremonts are given 

Tho structure of tho spectrum has been studiiHl systematically. It is shown that 
the bands occur in pairs with a separation of alsiut 60 cm this separation prob¬ 
ably being duo to tho rotational structure. Various wave-niimlier differencos are 
found to occur frequently, and many of tho strong bands are arrangoii m arrays 
using intervals of 666 and 2066 cm. >. 

Tho posBiblo origui of the sp<<etriun is disciissisl. The choico of emitter is limited 
to a polyatomic oxide of carbon, of which dioxide is tho most liki'ly. The spectrum 
of tho sub-oxide CjO, shows somo rosomblHiico to the Hame bniiils, but this inolwiilo 
is improbable os the eniittor on other groiiiuls A |K'roxido t'Oj is also a (sissibility, 
but no evidence for the presence of this has boon obtained from oxiHiriments on tho 
slow combustion of carbon monoxide. 

Carbon dioxido m gaseous or liqmd form is transjiaTont through the visible and 
quartz ultra-violet, and tho flame bunds uro not obtamod from CO, m dischargo 
tubes. Comparison with tho Sohuinaun-Rungo banils of oxygen shows that it is 
possible that the flame bands may form part of the absorption baud system which is 
known to exist below 17t)0 A if there is a big change m shafKi or size of tho molecule 
in the two electronic states. 

The electronic energy levels of CO, Aro disoiisaod. Smeo nonnal CO, is not built 
up from normal CO and oxygen, an electronic rearrangement of the CO, must occur 
after the combustion process. Mulliken lias suggestml that tho molecule in tho flrst 
excited electronic state, corresponding to absorption below 1700 A, may havo a 
triangular form. 

The frequencies obtained from tho flame bands are compared with tho mfra-red 
frequencies of CO,. The 666 interval may bo idontifleil with tho transverse vibration 
v„ indicating that the excited electronic state is probably triangular m shape The 
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2066 interval cannot, however, bo identified with the oaymmetrio vibration v, with 

any certainty. 

If tho oxoitod oloctromo state of Cf), is triangular then moleoulos formed during 
the combustion by transitions from this level to tho ground state may be 'vibra- 
tionully activatixl This is jirobably the reason for many of tho (Kiculiarities of the 
combustion of carlxm monoxide. 

X-ray structure and elastic strains in copper, lly S. L. Smith and W. A. 
Wood. (Communicalerl by O. W. C. Kaye, F.R.8.—Received 18 June 1940.) 

An X-ray uxamination of oopiier has been undertaken whilst tho metal has been 
ootually under tensile stress, and tho X-ray structure investigated at a systematic 
senes of points on tho load-extension curve and during imloading and reloading 
from sclocted pomts on tho curve. It is shown tliat the jiermanent strain is associated 
with the hriMikdown of the gritins into the crystallite formation and that this change 
IS essentially irreversible Tlie elastic strain of tho inotal is accompanied by reversible 
changes in dimensions of tho atomic lattice which take place without leaving in 
tho lattice any iK'rinniient diHtort.ion, os shoan by tho observation that tho X-ray 
diffraction rings, including rings of tho diffuse type, contract and cxi>and under the 
action of tho applied stress without any change in tho degnx' of diffusion. Tho 
lattice changes are distinguished m this way from certain lattice strams or lattice 
distortions |)eniiaiiently iniisised on the lattice as a n'siilt of deformation by cold- 
work. Quantitative measuremonts are inodo on the elastic lattice strains Hxhibitml 
by tho (400) and (331) planes in a dimctiou perpendicular to the axis of tho applied 
stress, and these arc compared with the eijuivalent external clastic constants. Thoso 
ineiwurenients show that marked difference m rate of strain may take place m 
fieighlsiuring grains stihjecbsl to the same external stress, and on this differenoo is 
based an explanation of tho extensive breakdown of the grains into oomixments of 
widely varying orientations which oharacUirizes the structure of a polycrystalline 
metal after deformation beyond tho yield point. 

Infra-red absorption spectra of some amino compounds. By L. Kkllnkb. 
(Communicated by W. T. Aathury, F.R.S.—Receiivd 2.') June 1940.) 

An investigation of tho infra-md aiisorptinn spootra of five amino compounds 
(glycine, diketopipiera^ine, tetramethyldikotojiijxinw.ini', glyoylglyoine and urea) has 
heen made in tho region 2 8-3’6/(. Tho sulMtanoes were used m the form of thin 
crystalhno layers deposited on quortx windows. 

Tho spootra ore discussed with regard to the molecular structure of the compounds 
under consideration It is shown that the number and position of the N—H fre¬ 
quencies in glycine and glycylglycmo confirms tho viow that these two molecules 
ore in the zwitterion form in the crystal. Tho close similanty between the spectra 
of diketopiporozmo and tetramethyldiketopipcrazine on the one hand and the ammo 
acids and urea on the other hand, proves that no laotamlaotim interchange occurs 
m diketopiperazme and its derivative. Both compounds ore shovhi to possess a 
centre of symmetry. It follows from the experimental evidence that in all investigated 
substances resonance between the C—and C^O bonds takes place. 
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The Tibratlone and the molecular structure of urea and guanidonium. 

By L. Kkllkkb. {Communicated by W. T. Aatbury, F.R.S.—Received 
25 June 1940.) 

The vibrations of urea and guanidonium havo been calculatod for a field containing 
valence end angle forces. Tlie assumption m made Unit urea has thu synunutry 
Ct, and guanidonium It shovm that it is possible to assign every observed 
frequency of these two substances to dofmito modes of vibrations under these 
assumptions. The force constants havo b«'n ovaliiateil and have btien found to 
be/o N = 7-1 X 10* dynes/cin. for guanidoiiium, and ^=8 10* dyiies/cm and 

fix=u = 9‘7 X 10* dynes/em. for urea. Tliese values are compatible with the bypethi^is 
that quantum mooliamcal resonance w-ciirs in both molecules, with the result that 
the 0—N bond m urea has approximately 2H% double Ixind character and the 
O linkage a corresponding single bund character The pnianidoniiim ion shows 
oomjilote resonance; each C—bond has 1 double bond character Curves have 
been drawn to illustrate thu relation between the valence force const ani.s and the 
bond character. 

Liquid Jets of annular cross-section. By A. M Binnik and H B SyiMRR. 
{Cornmumcated by R. V. Southwell, FRS. — Receded 25 June 1910 ) 
Kxperunents were made on a ]<<t of wati'r issuing from an annular orilieo w'ltli a 
low velocity. The cfloct of surface tension was to cause the jet t<> coalesce after a 
short distance The Icrigtii of the annular fiortion was measiiriHi, and (when certain 
prucniitions were taken) was found to ls< in fair agn enicnt with the iinshctions of an 
upproximatu theory. 

The electrical polarization of frog skin by direct currents. By 0 (iatty. 
{CommuntcaUd by K. K. Rtdeal, F.R.S,—Receiivd 27 June 1940 ) 

Data concommg the olectncol iiolari/ation of frog skin by dinsit currents are 
presented with adequate statistical control. The nisiilta are iIlscussimI and show that 
the skin is eloctncally noii-homogeiuious and in a state of disisjuihbrium. The results 
are presumptive evidence for at lisist a tlin'o-unit moilcl consisting of a si'ries 
resistance and local autioii between an anodic area anil a catluslie an-a as is also 
considered in the theory of corroding metals. 

On stereochemical types and valency groups (Bakerian l.A:cture). By 
N. V. SiDOWicK, F.R.S. and H. M. Powell {Received 27 June li)40.) 

Theory and oxpenmont agree that the arrangements in space of the covalencies 
of a polyvalent atom, while they are subject, from a variety of causes, to small 
variations seldom exceeding 6-10”, tend to conform to a quite hmibxl numl«‘r of 
types. Recent developments of mathematical jihysies havo made it jiossiblo to 
Oidoulate how these typos are related to the electronic groups occupied by the 
valency electrons. 

It is, however, not always possible to say which these sub-groups are, and it is m 
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any case deeirable for the ohemiat that ho should he able to relate the spatial grouping 
to aotno more familiar property of tho atom. The property here used is the size 
(in G. N. Ijewis’s sense) of tho valency group of the central atom, and the number 
of sharod olootrons which it contains, together with that of the preceding (unshared) 
electronic group in the atom. The experimental results show the following relations. 

I. When the valency group is less than 8 we have with a covalenoy of 2 a linear 
structure (as in Cl-Hg-Cl); with a covaloncy of 3 a plane with equal angles of 120“ 
(RF,) ■ with 6 electrons of which only 4 are sharod, as in the vapour form of stannous 

chloride, probably a triangular molecule 8n<^^j. 

II. With a complete octet the arrangement can bo either tetrahedral or planar. 
When the covalenoy is loss than 4 (partially slianxl octet) it is always derived from 
tho tetrahedron, as in tho triangular OH, and the pyramidal NH,. The fully sharod 
4-covalont octet can be of either form. When tho preceding eloctronio group, n m 
tho grouping (n) 8, is 2, 8, or 18, it is always tetrahedral In the transitional elements 
where 8<n<18 it is found that if n is not much more tlian 8 the struoture is 
tetrahedral, and if it is not much loss than 18, planar; but tho two senes overlap, 
and for values of n of 13 to 15 and {lerhaps 16, both forms occur. 

III. Wlien the valency group is 10 with at least 2 of them (tho ‘mort pair’) 
unsliared, the structure of a dicovalent atom (as m M[I,]) is linear, that of the 
3-cuva1ont (as m C,H,.ICl,) is unknown; while that of tho 4-oovalent decet is found 
m the thallous and plumbous conipounils to bo planar, but in tellurium tetrachlonde 
may possibly bo a distorted totrohodron. 

IV. The pecuhar 4-covalent duodocot in MIK'I,! is planar. 

V. Covaloncy 6 So far as it hiM been examiiuMl (4 difforont types) this has 
always bivn found to give a trigonal bipyraniKl. 

VI. Covaloncy 6. Tliroo structures are theoretically possible: a trigonal prism, 
a trigonal antipnsin, and a regular uctidiodrun. Kxpeninentally tho structure is 
always found to be tho octahmlron, except m a few giant moleoiiles such os those 
with tl 10 nickel arsenide lot tice Tlic n-gular octahedron has boon found with practically 
every possible size of tVie precodmg group, as well as with tho mort pair of electrons. 

VIT. A covalenoy of 7 has been exammod in three or four compounds, which have 
two diffen'ut structures, one derived from an octahedron and the other from the 
trigonal prism. 

VIIT. Covaloncy 8. The only compound exaniinoil, K4[Mo(CN),], is found (rather 
unexjxxitixlly) to have a dodecahedral arrangement of the 8 CN groups. 

Nearly (but nut quite) all tho structures can be even more simply related to the 
sizo of the valency group by assuinmg that tho mean iiositions of the electron pairs 
m this group are the same whether they ore shared or not, the structure being Imoar 
fur 4 electrons, plane syinmetnoal for 6, either tetrahedral or plane for 8, a trigonal 
bipyromid for 10, and an octahedron for 12. 

On maintained convective motion in a fluid heated from below. By 
A. Pbllkw and R. V. Southwjsll, F.R.S. (Received 1 July 1940.) 

This paper exommes tho stabihty in viscous liquid of a steady regime in which 
the temperature decreases with a uniform gradient between a lower horizontal 
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surface which is heated and an upper horizontal surface which is cooled. The problem 
has been treated both experimentally and theoretically by B^ard, Brunt, JefiFreyg, 
Low and Rayleigh, and it is known that instability will occur at some cntical value 
of gh*Aplpkv, h denoting the thickness of the flmd layer, Apjp the fractional excess 
of density in the fluid at the top as oom|)urod with the fluid at the bottom surface, 
k the diffusivity and v the kinematic viscosity. The critical value depends upon the 
conditions at the top and bottom surfaces, which may be either ‘ free ’ or constrained 
by rigid conducting surfaces. 

The theoretical problem is solved under throe distinct boundary conditions, and 
greater generality than heretofore is maintained in reganl to the ‘cell jiattem’ 
which occurs in plan. In addition, an approximate inetliiKl is described and illus¬ 
trated, depending on a stationary property akin to that of which Lord Rayleigh 
made wide application m Vibration Theory. 


Mutation effects of ultra-violet light In Drosophila. By K. Mackexztk 
and H. J. Mitllbr. {Communicated by J. B. N Haldane, F K S.—Received 
8 Jvly 1940.) 

Experiments are described which show that the frequency of sex-ImkiMl lethal 
mutations inducixl in sjK'nnatozoa of Drosophila by iiitra-violot irradiation may bo 
raised to approximately S%. Among the important fiwtors for obtaining such a 
nisult are the use of fhes with a inmimum of pigmentation, nx|>osuro through the 
ventral surface and the use for breeding of those individuals in which, as shown by 
their earlier death, tho radiation has penetratutl moio elTectively. Working by those 
methods, it has boon found possible, by tho use of a combination of filters, ki detor- 
mino that the region m which tho mutational ofToot of ultra v lolet. light iiegins is 
between A3flS m/i and A300 m/t, as oxpoctiHl for nucleic lu-iil alisorfition Further 
ovidenoo has boon adduced, by tho use of an improved genetic technique, sub¬ 
stantiating tho earlier conclusion of tho authors that those rays, although protluciiig 
gene mutations with tho fniquonoy statiH], fail to jiroihicn gross structural ohangi's 
(rearrangements) of chromosomes m appreciable quantities Tlio geiii'tic cffi'ct of 
ultra-violet radiation thus differs decidedly from that of doses of X and higher energy 
radiation of tho samo gcnc-mutational strength. I’relinuiiary data also indicato that 
minuto structural changes (reamuigoments) of chromosomes msemblo flic gross 
structural changes and differ from gono mutations in Ixung produci'd with ihflioulty, 
if at all, by ultra-violet light, as comparml with X-riii,\'s. Casi-s of viable ‘tenninal 
defloienoies* also wore absent. It seems very probable, thonifon', that ultra-violet 
light cannot, or can only with diHloulty, cause ‘thoroughgoing’ breakage of tho 
chromonerao, and that such breaktigo must occur m the prmluctiun both of gross 
and of minute rearrangements but not in the process of gono mutation jiropor. If 
the latter process involves breakages at all, those would bo of a dilforent kind It is 
argued that this evidence of a distinction between gone mutations and structural 
changes tends to favour tho view that tho ‘genes’ correspond to notiwl segments of 
the ehromonema and ore not mere conceptual isolates. 
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The Inflaence of the solvent on the formation of micelles in colloidal 
electrolytes. Part I. Electrical conductivities of sodium dodecyl sulphate 
In ethyl alcohol-water mixtures. By A. F. H. Ward. {Communicated 
by E. K. Rideal, F.R.S.- - Received. 10 ./itiy 1940.) 

In vory dilute Holiitiunii in water sodium dodocyl sulphate behaves as a com¬ 
pletely dissuoiatod electrolyte. Aliuve a concentration c = 0'00722 N the ecpiivalent 
coiiduotunce (A) falls sharply and micolles are formed. To throw light on the mech¬ 
anism of micelle formation, the variation of A with c has been measured in a senes 
of imxtiires of water and ethyl alcohol. Tlio curves for A against show a gradual 
transition fnim the typo associatod with mirelle formation to a uniform curve 
oharaeteristie of strong I'loctrolytos. 

Addition of alcohol deureuses the tondonoy to fonn inicelles When there is 40 % 
or more by weight of alcohol, micelles are no longer formed. The critical concentration 
first fulls on addition of alcohol and then rises again. The effects of alcohol addition 
can lie interpreted satisfactonly by consulcrmg the railius of the mioollc to be equal 
to the lengtli of the [jamflfhi I'hain and thus to be independent of the concentration 
and nature of the solvent 

The energy changes involved m micelle formation are calculated Aggregation 
can occur if the interfacial energy available from the destruction of the parafiln- 
solvont mtorfacos of the ions is greater than tho work to be done against electrical 
repulsion. Tho intorfacial energy is no longer tho greater beyond 40% of alcohol 
It IS shown that alcohol molecules an' not in solution in the parafHn interior of the 
micelles ui the inixeil solvents, but are strongly adsorbed on the micelle surfaces 

Tlio mfiueiico of regions of lowered dielectric constant around the muuilles is con¬ 
sidered. This IS more unportant at high concentrations The fiiuil fall in A with highly 
supersaturated solutions is attributed to the incroastsi viscosity of the solution. 


The high-frequency resistance of superconducting tin. By H. London. 
{Commun%cated by A. M. TyndaU, F.R.S.—Received 11 July 1040.) 

The high-freiiuenoy resistance of tin m the suporcondiioting state was measured 
at a wave-length of 2()'6 cm. by a calorimetric methcsl based on the principle of eddy 
current heatmg. It was found that tho resistance decreases gradually when the 
temperature falls below the transition jxnnt in contrast to tho sudden drop m resist¬ 
ance jiecuhar to direct currents. An exphuiation of such a betiavioiir is given, based 
on the assumption of the simultanoous presence of normal and superconducting 
electrons. (Jood agreement liotwoon theory and experiment was found. 

Absoluto moasuremoats of tlie conductivity m the normal state at low tempera¬ 
tures with t>oth high and low frequencies were earned out and it was found tliat at 
the temperature of lii^uid iielium tho conductivity for high frequency is considerably 
lower than for low frequency. This behaviour is possibly due to tho fact that tho mean 
free path of tho electrons becomes huger than the penetration depth due to skm 
effect under the conditions of high comluotivity and high frequency. 
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On the atructure of multllayera. I. By G. Knott, J. H. Sohulman and 
A. F. Wkuj. {Communicated by E. K. Rideal, F.R.S.—Received H July 
1940.) 

X-ray aiul miorosoopic examinations of multilayers of oortam long-cham esters 
deposited on transparent bases have boon made. An X-ray photograph of a stationary 
multilayer of ethyl stearate is apparently iduntioal with that obtained by rotating 
a single crystal of /7-ethyl stearate about the long axis of the coll The spots pre¬ 
viously observed on osoillation photographs of multilayers of ethyl stearate are in 
reality parts of circles, successive arcs of which apiioar on increasing the angle of 
mcidenoe of the X-rays on the multilasmr. Those facts reveal that the multilayer 
consists of micro-crystals all oriented writh one axis in common, this axis bouig the 
normal to the surface of the multilayer. The single crystals appsiar to liavo grown 
without interruption throughout the entire thickness of the multilayer, which m 
these investigations was about 1000 molecules thick. 

On the electromagnetic two-body problem. By J. Kynue {Communt- 
cated by E. T. Whittaker, F.R.S.- Received 11 July 1940 ) 

Tliis paper is classical m the sense tliat it does not refer U> (luaiitnin intM'hanics, 
but it is relativistic m the sense of the special theory It contains a dinx-t attack on 
the problem of the motion of two chiugixl bmlies (hydrogenic atom) on the basis of 
the following hypotheses, (i) the ImsIich are jiartifles (mathomatioul points), (n) the 
fields are those given by the retarded fiotuntial, (in) the n*lativistio oijuations of 
motion are obeyed, the force being the ixirent/. ponderoinotivo force without a 
'radiation term’. These hypotheses appear to be the simplest available and are 
logically consistent; the dynamical problem boscsl on tlioin seems worthy of investi¬ 
gation, in iiartioular the question as to whether the motion ‘degeneiatos’ to an 
ultimate collision. Previous apjiroxiinate investigations by Darwin and Somnierreld 
did not reveal degeneracy. 

A general method of successive approximations leaihiig t^i an exact solution is 
outlined. An invariant K and a 4-vootor arc dolhied, E kkIucos to energy and h, 
to angular momentum in the Kepler problem, whore tho inoss-ratio is sore (loiieral 
expressions for tho rates of change of K and h,. arc obtained, and formulae dovolopod 
for their principal parts when the mass ratio is small. Tf tho orbit of the light particle 
IS mitially upproxunatoly circular it remains so, but its ratlins dix-reases sttMuhly to 
an ultimate collision This agrees with tho classical conclusion that an acci'leratod 
charge radiates energy, but the rate is muoh smaller than that given by the l^arinor 
formula. Except m sumo final calculations, no assumption of small relative velocity 
IS mode, tho sole basis of approximation being tho Hinallness of the mass ratio. 

Tbe kinetics of tbe thermal decomposition of acetophenone. By C. X. 
Hinsublwood, F.R.S. and R. E. Sboth. {Received lb July 1940.) 

The meohanisms involved m the thermal decomposition of aldehydes and ketones 
are varied, and the relations between them somewhat complex. In particular on 
mteresting oontrast m behaviour has recently boon found bi'tween beiualdeliyde 
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and aoetaldehyde. An investigation of acetophenone has therefore been made for 
oompanson with acetone. 

The thermal decomposition of acetophenone takes plaoe predominantly by the 
step CtH,COCH,->C,H,CH:a + CO, the toluene undergoing a subsequent decom¬ 
position to give chiefly benzene, methane and carbon. It differs from that of acetone 
in yielding liardly any koteno. It is homogeneous and nearly of the first order, with 
no sharp fallmg off m rate at 20 mm. There is no retardation by mtrio oxide or by 
greatly mcreased surface, nor can an increased rate of decomposiUon bo mduced by 
the presence of radicals from decomposing diethyl other. This is taken as evidence 
for the absence of reaction chains. In this respect the behaviour resembles that of 
acetone, but other differoncoa in kinetics exist. Tliese are briefly discussed. 


The derivation of mechanics from the law of gravitation in relativity 
theory. By G. L. Ci.ark. {Communicated by Sir Arthur Eddington, F.R.S. 
—Received 17 July 1940.) 

The paper gives a general review of an investigation on some problems on motion 
in the relativity theory. We begin by discussing the motion of a single particle in a 
weak gravitational field and obtain Isith the linear and angular equations of motion; 
this IS foUowcK.1 by bi lef aeeoiiuts of the problem of two bodies and that of a rotating 
roil. In each case considered the e<|uation8 of motion arise as conditions of in- 
tegrability of the relativity equations for oinjity siwioe Only one of these problems 
has previously boon treated by this method, this being the cose of two bodies not 
connocteil by a material tension. However, this mvesligation, which was carried out 
by Kuistoin, Infold and HolTniann, mtrotlucos difficult ideas relating to the use of 
certain spatial siirfaco integrals, m tho present jiaper wo avoid the use of these 
integrals. 

An essential foatiiro of tho work is that wo take a first order solution for tho 
particular problem consideroil and substitnto this solution m tho quadratic terms of 
and then build up a second onler solution. This mothoil can be employed when 
wo discuss tho mtonor of matter, anil, os an example, we conclude the paper by 
investigating the case of a rotating moss of liquid of constant density. 


On the Devonian fish PaltuospoiufylHs gmrni Traquair. By J. A. Mov- 
Thomas. {Communicated by E. S. Goodrich, F.R.S.—Received 29 July 1940.) 

The anatomy of PeUaeospondylua bos Ixien rodesoribed and its affinities ro- 
discussed In tho skull the ‘hemidomes’, ‘gammations’ and ‘Trapezial bars’ are 
shown not to be fused to tho nourooranium, but to bo viscoral articulating elements. 
Tho two former are mtorprotoil as {larts of the polatoquadrates and the latter as the 
lower jaws. A hyomandibiilar and oeratobyal are identified, but tlie former plays no 
part in the jaw suspension. The ‘rostralia’ cannot have formed an anterior ring of 
cirrhi, because the ‘dorsal rostralia’ tonninate blimtly and may even have formed a 
contmuoua plate, and it is concluded that the skull had a prominent rostral pro- 
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ioDgation. The presence of paired fine, undoubtedly pelvic and probably also pectoral, 
is described. The vertebral column and tail previously described u|)sido down are 
for the first time correctly onontatod. The former is shown to have haemal elements 
throughout its length, and the latter to ho hotorocorcal, the caudal fin being sup¬ 
ported by haemal spines emd a row of distally bifurcating radials. The view that 
Pataeoapondylus has Cyolostome afUnities is abandoned on account of the presence 
of paired fins, contra, a heterooercal tail and jaws Palaeospondylus is believed to bo 
related to the Plaoodenns (Aphetohyoidoa) but to represent a new order the Palaeo- 
spondyloidea, which in its lack of dermal skeleton and other features suggests a 
closer affinity botwoen the Placodormi and Rlosmobranohii than is generally hold 
to exist. 


The equilibrium-diagram of the system silver-sine. By K. W. Andrkws, 
H. E. Davikb, W. Humb-Rothkry, F.R.S. and C. R. Oswin. [Meceived 
3 Avgust 1940.) 

The otjiulibrium diagram of the syatom sdver-r.me has been investigated by 
thermal, inicroseopio, and X-ray methods. The liqutdus curve agrees with that deter- 
ramed by Haycock and Neville (1897) to a very high degree of accuracy. Interesting 
observations have been tna<Ie of the doeompositiun of the phase on quenching. 
Alloys between 45 and 60 atomie % of zinc can bo quenched without any visual signs 
of decomposition, although the work of Owen and lOdmunds shows that some of 
these alloys roadily undergo transformation to ordenxl body-centred cubic structure 
when quenched It was found impossible to prevent ^-phase alloys containing loss 
than 46 atomic % of zinc from d<>compoeing duruig quenching, whilst wlien the zmo 
content of the /f-phiwc excoods 60 atomic % of zme the character of the alloy changes 
completely, and a number of decomposed or partly decomposed structures arc ob- 
tamed according to the exact conditions of coolmg. The a/a + fi-,a +/?//?-, and /?//? -f y- 
phase boundaries determined m the present work are m general agruoinont with the 
results of the earlier workers on this system, and do not confirm the alterations to 
the diagram recently suggested by Owen and Edmunds who usoil X-ray methods 
with quenched filings. The difference is greatest for the /?//? -I- y boundary and m the 
present work this has been determmod both by microscopio methods and by a now 
teohnicpio involving the use of a high temperature X-ray camera. The remamder 
of the diagram has been determmed in full detad. 

The present more accurate determination of the diagram has enabled the following 
pomts to be established: 

1. The depression of the freezing jximt of silver by zme is sbghtly greater than that 
produceil by equal atomic percentages of mdium. This does not confirm the hypo¬ 
thesis of whole number liquidus factors previously suggested by Kume-Rothery, 
Mabbott and Channel-Evans (1934). 

2. The solidus and hquidus curves for the ^-phase do not coincide at 60 at.oinic % 
of zinc as was proposod by B. Q Petrenko (1929). The freezing range of the cqui- 
atonuo alloy is approximately 3J”. 

3. The determination of phase boundaries by X-ray methods with quenched 
filings is unreliable for this class of alloy and its lunitations ore discussed. 
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The magnetic and odier properties of the free electrons In graphite. I* 
By K. S. Kbishnan, F.R.S. and N. Ganouu. {Received 16 August 1940.) 

The graphite oryetal has a large free-eleotron diamagnetiam which la directed 
abnost wholly along ita hexagonal axis. Over the whole range of temperature over 
which moasuremonts have been made, namely from 90 to 1S70° K, this free-deotron 
diamagnetiam of graphite per carbon atom is found to be equal to the Landau 
diamagnetism per electron of a fiee-electron gas obeying Fermi-Dirac atatiatics and 
having a degeneracy temperature of 520° K. 

From this experimental result it is concluded (a) that the number of firee or mobile 
electrons m graphite la just one per carbon atom; (6) that the effective mass of these 
eleotrona for motion m the basal plane is just their actual maaa, showing that the 
movements m this plane are completely free and uninfluenced by the lattice field; 
(c) that on the other hand their effective mass for motion along the normal to the 
basal plane la enormous, about 190* times the actual mass, which indicates that the 
mobile eleotrona belongmg to any given basal layer of carbon atoms arc tightly 
bound to the layer, though, according to (b), they can migrate quite freely over the 
whole of the layer; (d) that this tight binding accounts for the obeerved low degeneracy 
temperature of the electron gas m the crystal. 

The electron gas in graphite thus conforms to a simple model which is easily 
amenable to theoretical treatment, and it has a low degeneracy temperature which is 
convcmontly accessible for experiment. It theroforo forms a suitable medium for 
studying the properties of an oleetron gas. 

The conclusions stated m (2) are m accord with the quantal views of the electronic 
structure of graphite, and also with its Bnllouin zones There is one zone which can 
just accommodate throe electrons per atom, and the energy discontinuities at all of 
its boundary surfaces arc largo. There is a bigger zone which can just accommodate 
all the four valency electrons, but the energy discontlnmtiee at those of its faces that 
are perpendicular to the basal plane are very small. 
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Ionization, excitation, and chemical reaction In uniform electric fields. IV. 
A reconsideration of the electron energy balance with special reference to 
hydrogen. By R. W. Liint. (Communicated by F. 0. Donnan, FJt.S .— 
Received 26 June 1940.) 

This paper attempts to formulate in a general way the balanco between the gam 
and loss of energy by eleotrons for a system in a steady state oomprismg an electron 
(and equal positive ion) cloud drifting through a gas at constant pressure ui a uuifonii 
elooino Hold and confined withm a oylmdnoal insulating boundary oo-axial with the 
Reid. Such a system serves as a valuable model for the discussion of excitation and 
ohemioal reaction in uniform positive column and other disohaiges. An attempt is 
thus mode to repair the omissions and oorreot certain errors which arc now seen to 
exist m an earlier treatment of the problem (Fart II, Lunt and Meek 1936 ). In 
particular, the earlier model is now seen to fail to correspond with a physically 
realizable steady state, and the conclusions then reached ue oonsoquontly suspect. 
These defeots are remedied in the new model by the mtroduction of processes 
deatro 3 ring the various species resulting from collisions betwoen electrons and mole¬ 
cules of the parent gas; this mvolves a detailed consideration of the composition of 
the gas, especially with regard to the concentration of those secondary species. In 
illustration, the numencal estimation of the electron energy losses m the principal 
collision processes in hydrogen is reconsidered; it is found that the earher conolusions 
can be supported but in a more precise and extended form. 
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lonlxatloii, excitation, and chemical reaction In uniform electric flelda. V. 
A reconsideration ci Kirkby’s investigation of the uniform positive column 
reaction In electrolytic gas. By B. W. Lttnt, C. A. Msxk and G. E. 
SwiNDBU.. (Communkakd by F. 0. Donnan, F,R.8. — Received 26 June 
1940.) 

After reviewing the experimental obeervstions and the theory of Kirkby, an 
attempt is made to aaaeu the more detailed quantitative theory of excitation as 
effected by an electron ewarm drifting m a umform electric field (which is developed 
in earli^* papers of this senes) by considering how far its application to the particular 
conditions in Kirkby’s experiments provides an explanation for his observations. 
The present theory of such excitation is a more precise analysis baaed on Kirkby’s 
ideas, but in its application a number of new considerations are taken into account 

It is found that the present theory provides a detailed explanation for the large 
effect exerted on the rate of reaction by the ratio of the electric field in the positive 
coltnnn to the gas pressure, which effect is Kirkby’s mam discovery. But it also 
provides a detaiied explanation for cortam differences in the rate of reaction between 
one experiment and another which are revealed by a fresh scrutmy of Kirkby's 
data, and which he attributed to random experimental errors: the origin of these 
differences is now found to be ascribable to effects depending on the particular 
values of the current and the gas pressure selected in the individual experimento. 

Furthermore, this detailed explanation of Kirkby’s observations is consistent with 
a numlier of largely independent experimental data and theoretical considerations, 
notably: the ex|xinmental and theoretical data for single collisions between electrons 
smd hydrogen, oxygon and otlier molecules, the experimental data for the electron 
motion in other positive column discharges, the experimental data for the excitation 
of the contmuous spectrum and for the generation of atoms in positive column 
discharges m hydrogen, the experimental data for the synthesis of ozone in dis¬ 
chargee m oxygen, the experimental data and the detatlod explanation for the 
negative glow reaction in electrolytic gas, and the kuietics of the oxidation of 
hydrogen as based on the experimental data for the reaction in hydrogen-oxygen 
mixtures as initiated by light absorption. 


Wind-tunnel correction for a circular open Jet tunnel with a reflexion plate. 
By B. Davison and L. Bosbnhead, D.So. {Communicated by J. Proudman, 
F.R.8. — Received 19 July 1940.) 

It IS advantageous from many points of view to make test-models as large as 
possible. One method of doing this is to measure the charaoteristics of half the model 
m existing wind-tunnels. One half of the aerofoil is mounted horizontally on a 
vertical reflexion plate and the plate is placed in a suitable position in an open jet 
which, in the undisturbed state, is of circular section. The contour of the jet is dis¬ 
torted, especially with models of large semi-span, but this distortion is neglected in 
the analysis. The correcting factor associated with ‘uniform’ distribution of Uft is 
worked out exactly and that associated with ‘elliptic’ distribution approximately. 
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The effect of the indueed downwash on the distribution of lift is ignored. The results 
are given in suitable tables and figures. 

Throughout the working range of normal oxpenmonts the oorrooting factor is of 
the samo order of magnitude as that obtaining whon a full model is tested m a jot of 
oiroiilar section. 


The asymptotic expansion of Integral functions. By E. M. Wright. 
(Communicated by O. H. Hardy, F.R.S.—Received 27 July 1940.) 


1. In a former paper i doduoixl tho asymptotic expansion of tho integral function 


/(•t) = 


y 




for largo x from asymptotic properties of the function ^(t). In jiarticiilar, ^(t) had 
to be regular and ite asymptotic behaviour had to satisfy a certain ‘condition A' 
throughout tho half-plane R(Kt)>K. My roeults inoludtxl as special cases most of the 
known results about the asymptotic expansion of mtegral functions. 

The next step is to widen our class of functions further by relaxing the couditions 
on ^(t). 1 here suppose only that 0(0 is regular and satisfies condition .4 m a region 
of tho (-plane including tho positive half of the real axis and lying withm tho half¬ 
plane R(Kt)>K; this region is tho ‘sector’ in which 


-/r,<org(/f()</i„ |(|>K, (1) 


wlMiro /i, are any real numberH satisfying 


and y = arg k From this I ileduoo the asymptotic expansion of f{x) m that part of 
tho z-plane in which 

- min (/t,, w,) < aig r*!* < min (/»,, wj, (2) 


whoro — y), ai, y) and y) is a real tranaoendental function of 

/i, y and | x |. The relevant properties of tho function w aro investigated. 

The rogion (2) is bounded by two spirals (degenerating to straight lines if k is 
real). If /i, =y or =y tho two spirals comoide and tho region (2) consists only of 
tho rosultmg spiral Hence if 0(1) is regular and satisfies condition A on tho jiositive 
half of tho real axis, wo can find the asymptotic expansion of /(x) on the spiral 
axgx^l* =y. 

If R(IIk)<^, a number ;«, = j4,(y) exists such that, if ^ and= 2nR[lfK) — ft„, 
tho region (2) consists of tho whole plane and wo have tho expansion of /(x) for all 
large x 8mce tho sector (1) still hes within the half-piano T doduoo tho results given 
m a former paper when R( 1/k) < ( from hy|x>these8 substantially loss than those of 
that paper. 

I also show that my results ore now, m an obvious sense, best possible; that is, 
if the conditions stated m my theorenu are farther relaxed, the oonclusions are false. 
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The crystal structure of Rochelle salt (sodium potassium tartrate tetra- 
hydrate). By C. A. Bbbvebs and W. Hughes. {Communioated by W. L. 
Bragg, FM.S.—Received 1 August 1940.) 

The complete crystal structure of Rochelle salt (sodium potassixim tartrate tetra- 
hydrate) has boon detormmed by Founer and Patterson methods. Some of the 
difficulties in the application of those methods arc discussed. 

The tartrate molecule is found to lie approximately in three planes, the planes of 
each half of the molecule being inclined at 60° to the plane of the carbon atoms. 
The tartrate molecules aro bonded to sodium and potaasimn atoms both directly 
and through the medium of water molecules. If the water moleoules are to preserve 
their customary tetrahedral ‘bondmg* it is necessary to suppose that one of the 
carboxyl groups of the molecule is also a dipole. A reversal of the oontmuous cham 
of carboxyl-water-water dipoles is a possible explanation of the peculiar dielectric 
properties of the salt. 


The effects of low temperature and acclimatization on the respiratory 
activity and survival of ram spermatozoa. By Min-Chuek Chang and 
Aethur Walton. (Communicated by J. Hammond, F.R.8.—Received 
17 August 1940.) 

The respiratory activity of ram B{M«rmato/x)a was measured before and after 
experimental treatment at low temperature. Huddon coeling lias a harmful oifoot 
(temi>oraturo sliock) on the sulisoquont respiratory activity of the spermatozoa. 
Temperature shook increases as the temperature is lowered. Tempierature shook 
increases with the time of exposure to the lower temperature. When semen is cooled 
gradually in stages of 6° 0 and with an interval between stages, acclimatization of 
the sjiermatozoon moreases with the length of the mtorval If the mterval between 
stages IS 2 hr., the semen can be cooled to 1° C and stored at this temperatijre for 
24 hr. without appreciably affecting the subsequent respiratory activity. Rapid 
warramg has no harmful effect upon tlie subsequent respiratory activity of the 
spermatozoa. Tomporatura shook and acclimatization are factors which affect the 
apparent optimum temperature for the storage of spermatozoa With rapid cooling 
the optimum is higher than with slow cooling. Semen cooled gradually to 1° O and 
stored at this temperature for 6 days retamed 74% of its initial respiratory activity. 


The production of cancer by pure hydrocarbons. V. By G. M. Badger, 
J. W. Cook, F.R.S., C. L. Hbwett, E. L. Kknnaway, F.R.S., N. M. 
Kbnnaway, R. H. Martin and A M. Robinson. (Received 20 August 1940.) 

Tests for carcinogonio activity have been carried out with some 70 compounds, 
mostly now substances specially synthesized for the purpose, and related in molecular 
structure to the known oaroinogenio compounds. The results support the view that 
there is a definite association between oaroinogenio aotivity and moleoular structure 
although the exaot limits of stniotural conditions necessary for oaromogonio activity 
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oannot be prooisely defined. Among the oompoundti related to 1: 2-benzanthTaoene 
and 3:4-bonzphenanthreiie, which oompriae the majority of the compounds ex¬ 
amined, it is evident that there are certam positions of the molecule m which 
substitution is especially favourable for oarcmogemo properties. In the 3 : 4-benz- 
pbenanthrene senes, which has not hitherto been extensively investigated, positions 
1 and 2 seem to be the favourable positions of substitution. 

Comparative tests earned out with stock mice, have shown that the potency of a 
compound in the production of epitheliomas in mice does not always run parallel 
to its potency in the production of sarcomas by subcutaneous mjection. Many 
compounds have been tested by both modes of administration, and in some cam-s 
the power to produce epithelioma was markedly suiiorior to the sarcoma-producing 
potency, whereas in other oases tho rovorso was true. 

A preliminary study lias been made of the inculenoo of tumours of the lung and of 
the stomach in mice receiving carcinogenic compounds by tho aforomentiunod two 
and m some oases a third (oral) method of adinuustration. Very suggestive indica¬ 
tions have been found that somo of tho compounds (the 6-n-butyI, 6-n-amyl, and 
6 -n-hexyl derivatives in tho 1 : 2-ben7Jinthraoene sonoe, and the 1- and 2-subetitutu«l 
derivatives as opposed to the 0-, 7- and S-substituted compounds m the 3 : 4-bon7,- 
phenanthrene senes) aro jioculiarly effectual in producing tumours of the lung and the 
stomach. These same grou[M of compounds are also sujionor m their capacity to 
produce epithelial tumours by contrast with their lack of effect on the subcutaneous 
tissues, and the same is true of the three dibenzdiiorenes which havo boon examuied. 

On the Blcoecidae: a family of colourless flagellates. By L. E. R. Picken. 
(Communicated by J. Cray, Fit 8. — Received 24 August 1940.) 

Two distinct species upjioar to havo boon oonfusod by .Tames-(/lark in his original 
description of BicoeMi IneujitriH Tlie two forma havo been ro-examined and photo¬ 
graphed, and it 18 HUggostod that tho diiferenoos between them juatify their separation 
into two species, as suggested by Stole, tho one form to rutaui the name li. lacwlnit, 
the other to receive that of B. vacillane Stoic. 

A new species, B. marie, is described, and the allinitias of tho Ricoixndao, Bodonidae 
and Craspedomonadidao aro disoussod. 

Molecular structure In relation to oestrogenic activity: derivatives of 
4 :4'-dlhydroxydlphenylmethane. By N, R. Campbkij,. (Communicated 
by Sir Robert Robinson, F.R.S.—Received 26 August 1940.) 

The oestrogenic activity of four classes of 4:4'-dihydroxydiphenyhnethane 
derivatives has boon studied. Vanation of activity m homologous sones has boon 
found, and maximum {xitenoios ostabluhod The rulationsliips between struoture 
and maximum potency have been found parallel to those m other senes of synthotio 
oestrogens. 

The effect of methyl groups attached to tho aromatio rings has been investigated 
and the results suggest a biological connexion between these groups and groups on 
the central carbon atom, since the effects vary in marked manner with alteration of 
the oham length of the central groups. 
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The apparent aizes of atoms in metallic crystals with special reference to 
aluminium and indium and the electronic state of magnesium. By W. 
HuMK-RoTHaBY, F.R.S., and G. V. Raynor. {Received 4 September 1940.) 

The mteratomio diatanoes in orystala of alloys cannot bo accounted for by as s i gn i n g 
a fixed atomic radius to each kmd of atom, and the causes of this variation aro dis¬ 
cussed with special references to the Urillouin zone oharaoteristios of different 
structures. According to the theory of H. Jones, the effect of an overlap across the 
aide of a Brillouin sone is to compreaa the /.one at right angles to the face conoemed, 
and HO to expand the crystal lattice m the same direction. This expansion is not a 
property of an atom which can be transferred to any other structure, but is a char¬ 
acteristic of a structure with sufllcient electrons to produce an overlap. The lattice 
spacings of alloys of aluminium and mdium with copper, silver, gold, and magnesium 
are examined, uid the apparent siros of the aluminium and mdium atoms are dis¬ 
cussed, and arc shown to bo in agreement with the theory. The previous suggestion 
that m metallic aluminium, the atoms exist in an incompletely ionized state is im¬ 
probable, and IB no longer required m order to explam the foots. New experimental 
data for the lattice spacings of solid solutions of aluminium and indium ore presented, 
and these show tliat, whilst the curves eonnocting the a parameter with the com¬ 
position aro smooth and continuous, the corresponding curves for the c parameter 
show on abrupt change in direction at about 0 75 atomic % of indium or alumimura. 
This is taken to imply that, although in metaUic magnesium with 2 electrons per 
atom, the overlap of the first Brilloum zone is in the a diroction only, the structure 
IS so near to the stage at which the c overlap sots m that the addition of leas than 
1 electron por 100 atoms causes the c overlap to take place. 

The structure of melamine Ci,N,H,. By I. E. Knaoos and K. Lonsdalb. 
With a note on the optical properties of melamine by G Williams and 
R. G. Wood. {Communicated by Sir William Bragg, P.R.S.—Received 
5 September 1940.) 

Magnetic and X-ray measurements on crystalline melamine, C,N,H„ mdicate 
that the molecular formula is of the amide typo, based on the oyaniirio ring, but that 
weak hydrogen bridges exist between the NH, groups of 1 molecule and the ring 
nitrogens of others, so that the substance may also tend to behavo as an imide. 
The density is l'fi71, the space-group P 2|/a. and tliere aro 4 molooulcH in the umt 
cell. An approximate structure is given New optical data confirm that this struoture 
IS of a layer typo, m which respect it is similar to all other cyanurio ring compounds 
so for exammed. 

The mobility of positive ions in their own gas. By R J. Munson and 
A. M. Tyndall, F.R.S. — {Received 9 September 1940 ) 

Values for the mobility of positive ions of neon in noon, argon in argon, krypton 
m krypton and xenon m xenon have been obtained m pure gas. It is pioasible to 
deduce the mobihty of on ion of the same mass as the gas atom from the known 
values for alkali ions m tiie gas on the assumption that the same mass relationship 
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holds. In each case the obseirved value is oonsidersbly lees, the ratio of the two being 
of the order of O-dO-O-VS. This result may be attributed to the phenomenon of electron 
exchange in the ease of ions in their own gas wluoh does not arise with alkah ions. 

Tlie variation of mobility with field E anil preesiim p has been studied. In Kr 
and Xe there is a marked fall of mobility with increase of Ejp, at higher values the 
velocity of the ion increasing m a linear manner with increase of (£/p)h 

The mobility of alkali Iona In gases. IV. Measurements In gaseous 
mixtures. By H. G. David and R. J. Munson. {Communicated by A. M. 
Tyndall, F.B.S.—Received 9 September 1940.) 

The mobilities of some of the alkali ions have been ineasiirtMl in binary mixtures 
of the inert gases. Blanc's relation that the reciprocal of the miibility is a linear 
function of the concentration of one of the constituents is accurately obeyed in all 
oases except for Li+ in He-Xe rnixturos, whero the maximum deviation is 4 %. 

With clustered Li*^ ions in mixtures of water vajiour and an inert gas, deviations 
from this simple relation aru observtxl and increase m magmtude progressively with 
the density of tho gas These deviations, due to the polar nature of the water mole¬ 
cule, can be explained by assuming a gradual moroaso m tho hiki of the olusterod 
ion with increase iii tho percentage of water vapour. 

The mobility of alkali Ions la gases. V. Temperature measurements in 
the Inert gases. By K. Hoseutz. {Ccmmunicated by A. M. Tyndall, 
F.R.8.—Received 9 September 1940.) 

The variation with temperature of the mobihty of Li*- ions in helium, K+ ions m 
argon, Kb+ ions in krypton and Cs+ ions ui xenon has been meosurod over a con¬ 
siderable range of temperature Comparison of the results with existing classical 
theories suggests that the approximate agreomont found by Uoarco over a similar 
rango of temperature for 0+ and Na''' in He does not hold in geiioral. A quantum 
mechanical treatment for each individual case sooms to be re<iuirod and for this 
purpose tho experimental data here recorded sliould bo of value. 

The distribution of electricity In thunderclouds. U. By G. D. Robin.son 
and Sir Gboeok Simpson, F.R.S. {Received 10 September 1940.) 

The investigation of tho distribution of electricity m thunderclouds doscnlxid by 
Simpson wid Scrase in 1937 has been continued at Kow Obsen'atory Alti-electro- 
graphs, which record the sign of the potential gradient, are sent up on small free 
balloons. Ailditional observations made during eight thimderstonns m the yeai-s 
1987, 1938 and 1939 are discussed and tho conclusions reached by Simpson and 
Scrase ore confirmed. Koch thundercloud bos positive electricity in the upper lialf 
of tho cloud, negative eloetrioity m the lower half and m most storms if not m all 
there is a concentrated positive charge below the main negative charge. The genera¬ 
tion of the positive and negative charges in the main body of tho cloud is ascribed 
to the impact of ice crystals and that of tho positive electricity m the base of tho 
oloud to tho breaking of ram drops m an aaconding current of air 
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Exchange effects In the theory of the continuous absorption of light. I. By 
D. R. Batbs and H. S. W. Massby, F.R.S. {Received 10 September 1040.) 

The continuous absorption ooefBoients of normal Ca Mid Ca+ are calculated. Both 
the discrete and continuous wave functions used in the calculation include the efieot 
of electron exchange. Comparison is cdfeoted with results obtained neglecting 
exchange and it is found that appreciable raodiiloations are introduced by its in¬ 
clusion. This IS particularly true for Ca+ which is a sensitive case owing to very 
strong interference in the mtegrand of the transition matrix element. The bearing 
of tho results on the calculation of absorption coeiiloieuts in general is discussed and 
it IS jxnntod out that the discrepancy between theory and experiment for potassium 
arises because this also is a very sensitive case. 

An application of the results for Ca is made to resolve a discrepancy between 
detcrmmations of interstellar electron densities carried out using different methods 
by Stromgron and Struve. 


The polarization of electrons by double scattering. By H. S. W. Massby, 
F.R.8., and C. B. O. Mohk. {Received 10 September 1910.) 

The scattering of electrons by gold, xenon and krypton atoms has heen investigated, 
using Dirac’s equations The pulori/ation to bo expected by double scattering at 90° 
has boon studied for an energy range from 100 to 160,000 eV. The results agree 
substantially in the energy range 10,000-160,000 eV with those obtamed by Mott for 
an unscreened gold nucleus. It is found, however, that for lower energies the effect 
of screening is more important. In {larticiilar at energies for which the mtensity of 
single scattering at 00° is near a minimum, a large polarization is to bo expected m 
the case of gold. For xenon the polarization never exceeds 4 % and for krypton 2 %. 

Modifications of tho mteraotion between a nucleus and electron which would 
reduce tho polarization are considered. 

As an example of a field as diffwont as possible from tho Coulomb type, the 
polarization produced in double scatteruig by a potential well is investigated m 
detail. 


Application of the coincidence method for measurements of short life 
periods. By J6 zef Rotblat. {Communicated by J. Ghadwieh, F.R.S .— 
Received 16 September 1940.) 

A method is described for tho determination of short radioactive Mid nuclear life 
iwriods. It consists in varying the length of the electrical impulses produced in a 
coincidence arrangement of two Gcigor-MuUer counters. The method con be used for 
the measurement of life periods in tho range IQ-’ to 10'^ see. The lialf-life period of 
radium C' has been measured in this way and found to bo 1‘46( ± 0 06) x 10~* sec. 
Experimental evidence has been obtained for the absenoe of y-rays m the transition 
radium C' -> radium D, and some oonolusions regarding the lifetimes of excitation 
states of radium C' liave been drawn Tlie determination of tho mtensity of weak 
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aonroes and of the efQoienoy of Geiger ooimtera for various typos of radiation is 
deeoribed. The effect of a time lag in Goiger counters on the measurement of coin- 
oidenoes is discussed. 


The respiratory functloii of the haemoglobin of the earthworm. By M. L. 
Johnson. (CommuntcofeJ by U. Munro Fox, F.li.8. — Received 17 September 
1940.) 

The oxygen consumption of earthworms {Lumbnctu herculeus Savigny) has been 
measured at 10° C, m the dark, in atmospheres containing 20, 10, 6, 2 6 and 1 % of 
oxygen (i.e. at partial pressuros of oxygen of about 162, 70, 38,19 and 8 mm mercury) 
with and without the addition of enough carbon monoxide to saturate tho haemo- 
globm of the blood. 

In the absence of carbon monoxide the rate of oxygen consumption was the same 
at 162 and 76 mm.; below 70 nun. it fell sharply. 

The rate of oxygen consumption of carbon monoxide-treated wonns was lower 
than that of normal worms at oxygon pressures of 162, 76, 38 and 19 mm. This 
lowering of rate was not due to the effect of carbon monoxide on rospiratory eiu> mes, 
for the oxygen consumption of sliced earthworm tissue was not lowered by tho 
amounts of carbon monoxide used m tho oxponmonts on whole worms. It is con¬ 
cluded therefore that haemoglobin acts as an oxygen carrier at atmosplieric partial 
pressure of oxygon and at lower oxygen pressures down to 19 mm. 

The amoimt of oxygen carried by the haemoglobin was probably greatest whnn 
tho pressure of oxygen was about 76 mm. mercury. It is deduced that tho loading 
pressure of earthworm liaemoglobin may be as high as 76 mm., and is certainly 
higher than 19 mm. 

The hetemoglobm of tho blood was resjxinsible for supplying about 20% of the 
respired oxygen when the oxygon pressure was at 162 imn , 36 % at 76 mm , 40 % 
at 38 mm., and 20 % at 19 mm. of oxygon. 

The characteristics of thermal diffusion. By S. Chapman, F.R.8. (Receiveil 
26 September 1940.) 

When a gas-mixture is contained in a vessel m which a steady temperature gradient 
is inamtained, a concentration gradient is in general set up, whose amount is deter¬ 
mined by the logarithm of the temperature ratio, and by fcr, tho thermal diffusion 
ratio; tho general theory of non-umform gases gives sucooesivo approximations to 
hf, and the first of those, is accurate withm a few per cent. The paper discusses 
tho dependence of [irJi on (o) tho ratio of tho molecular masses; (6) tlioir concen¬ 
tration ratio (c, or c,); (c) the two ratios of the molecular diameters, iiiforrod from tlie 
coefficient of viscosity, to their joint diiunetor, uiforrod from the coefficient of 
diffusion; and (d) three parameters depending on the mode of interaction between the 
unlike molecules. When this mtoraction is according to tho inverse-power law, the 
three parameters (d) are all expressiblo in terms of the mutual foroe-mdex, and 
[A;2 i]| is a function of five independent variables. The general nature of its dependence 
on these variables is disoussed, with particular reference to the end values (for C| 
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or zero) of 4^e thermal diffusion factor a, given by ibr/oiC^; these ond values involve 
fewer variables (leas by two) than the general values, and their functional character 
can bo represented graphically. It ia shown that k]< may be zero not only when 0| 
or C| IS zero, but also for at moat one mtermediato mixture-ratio. Formulae for 
appropriate to various speoial cases are also given. 


An Investigation of the disintegration of boron by slow neutrons. 

By R. S. Wilson. (CotnmunicaUd by J. Chadwick, F.R.8.—Received 
27 September 1940.) 

The disintegration of Ixiron by slow neutrons has been mveetigated using an 
ionization chamber Hllcxl with boron tnehloride m conjunction with a linear amphfier. 

The magnitudes of the ionization impulses, measured by the oscillograph de¬ 
flexions, should give under appropriate conditions a measure of the energy release 
m the dismtegration process. The various factors which can affect the size of the 
oscillograph deflexion arc discussed so as to deflne the appropriate conditions of 
experiment. 

Evidence is found for two disintegration energies. Assuming that the greater 
energy release correaponds to the formation of the Ld nucleus ui tho ground state 
and IS therefore 2 99 MeV, then tho smaller energy, which is released in about 
93-94% of tho disintegrations, is 2 57 ± 0 05 MoV. An explanation is offered of tho 
contradiction with the results of Maurer and Fisk. Tho y-raihations associated with 
the reaction have been detected and a rough measurement of tho quantum energy 
has been made. 


Molecular anisotropy of urea and of related compounds. By K. Lonsdalb. 
(Communicated by Sir William Bragg, P.B,S.—Received 4 October 1940.) 

The magnetic anisotropy of urea has been measured and compared with that of tho 
carbonate and mtrato groups. It does not appear that the hydrogen bonds contribute 
appreciably to tho anisotropy; the latter indicates about tho same degree of resonance 
m all three groups. The anisotropy of the rofraotivities is greater ui urea thui m tho 
nitrate group, and considerably greater than in the carbonate group, showing that 
tho (NH()' radical must be much more polarizable than the O" ion, allowanco being 
made for tho interiomo distances. Urea mtrate, urea oxalate, cyantirio acid dibydrate 
and anhydrous cyanuno acid all crystallize in layer structures, as shown by cleavage. 
X-ray data, magnetic and optical obsorvations. The magnetic anisotropy of urea 
nitrate and urea oxalate is approximately additive, but that of cyanuric acid di- 
hydrate is considerably larger than tho additive value for three urea molecules, being 
comparable with that of other cyanuno nng compounds. Although tho molecules 
in each layer must be joined together by hydrogen bonds, it does not follow that 
hydrogen bonds form the hnks between successive layers, since the layer to layer 
distaooe of 3-06 ± 0-10 A is oharaotenstio even of cyanuric tnazide, which contains 
no hyikogen bonds. 
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Submarine lelemlc Investlgatloiu. By E. C. Bullabd and T. F. Gas- 
KEUi. {OcmnwnicaUd by Sir Oeraid Lenox-Conyngharn, F.B.S.—Received 
9 Oelober 1940.) 

The refiraotion aeiamio method haa been used to investigate the form of the surface 
of the hard rooks underlying the sediments on the continental shelf to the west of 
the English Channel. This surface is found to slope steadily downwards on receding 
from the land, and to reach a depth of over 8000 ft. at the 100 fin. line. The velocity 
of elastic waves in the sediments is about 6000 ft./seo. near the surface and up to 
9700 ft./seo. lower down; compared to 16,000-22,000 ft./seo. m the basement. The 
liearing of these results on the structure and history of the shelf is discussed. 

The theory of the divieione In Saturn’s rings. By G. R. Goldsurough, 
F.B.S. {Received 9 October 1940.) 

In an ewrlier paper on this subject the author (1921) proposed a theory of the rings 
which showed satisfactory agreement with the observed measuremonta of the rings. 
The mathematical method was, however, subjected to criticism. In the present 
paper the subject is again attacked by an entirely different method which is freo 
from the objections raised against the first method. 

A family of periodic orbits of the particles forming the ring, when perturbed by a 
satellite, is constructed, and the stability of those orbits is examined by the method 
of small displacements. Stability determined m this way is shown to havo a real 
meaning when applied to the problem m band. 

The positions of instability of tho particles lead to the divisions in the ring and the 
inner and outer boundanos, close agreement with observation being obtained. The 
analysis, though quite different from that of the earlier jiaper, reproduces its mam 
features, and introduces further points of mterost. 

Observations on the chemical constitution of galactogen from Helix 
pomatiai /-galactose as a component of a polysaccharide of animal 
origin. By E. Baldwin and D. J. Bkll. {Communicated by Sir F. 
Ooudand Hopkina, O.M., FR.S.—Raxived 16 oioober 1940.) 

The polysaccharide galactogen, isolated from the albumm gland of Hehx pomatia, 
has been shown to be built up from both d and 1 isomers of galactose in the probable 
proportions of 6:1. Crystalline derivatives of dl galactose have been obtained from 
tho polysaccharide, thus affording what is behoved to bo the first proof of tho presence 
of I'galaotoae components in a substance of animal ongm. The products of methano- 
lysiB of methylated gatootogen have been analysed; they are composed of tetramethyl 
methylgalaotosidee and dimethyl methylgalaotoaides in molecular proportions closely 
agreeing with tho simple ratio of 4:3. Tho former material consists of a mixture of 
one molecule of 2:3:4:6-tetramethyl methyl-i-galootosidos with throe molecules of 
2:8:4:6-tetramethyl methyl-d-gidactosides, while the dimethyl methylgolaotosides 
consist entirely of the 2; 4-dimethyl-d-derivatives. Possible strooturee for tho chemical 
molecule of galactogen are discussed. 
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The fine structures of phloem fibres. 11. Untreated and swollen Jli|^ 

By R. D. PRKSTON. {Communicated by W. T. Aatbury, F.R.8.—ReSsSbed 
16 October 1940.) 

Studies of the jiito fibre by X-ray methods, undor the polarizing miorosoope, and 
after swelling with viirious reagents, load to the conclusion that the optical hetero¬ 
geneity of the wall is not to bo explained in terms of changes in cellulose chain 
ilirection. The ev idonce available shows that the wall is composed of chains forming 
a single, stoop spiral. Tho wall spiral bocomes steepor as the cell elongates and this 
oontiiiiies until tho onset of wall thickemng. 

Tho fibre in many ways jirovides a study complementary to tliat of hemp. Tlio 
outer layers of tlie wall are the least hgmfitxl and have the least resistance to swelling. 
Tho phonomonon of ‘ballooning’ is thoroforo never observed, though structures 
resembling lialloons may Ixi produced by a special toohiiiqiie. For similar reasons 
transverse cracks ore never ubsen'od during tho swelling process. 

Impregnation with hgnm seems to cause an increase m thickness of the wall oven 
in tho outer layers winch are far romoveil from tho oytoploam-wall interface 

I'lie results fully confirm tho concluMions already reoehed that obsorvations of 
swollen material aro usually entirely misloadmg. 


Radio echoes and cosmic ray showers. By P. M. 8. Bi.a.ckktt, P.K.S., 
and A. 0. B. Lovkia,. {Received 22 October 1940.) 

It IS suggested that the origm of some of the transient ionic clouds, generally 
assumed to bo rusjionsiblo for the low level s{H>radic radio rofiexions, may be due to 
large cosmic ray showers. 

It IS shown thot cascade cosmic rny showers of suflicicnt energy to produce some’ 
of these radio reflexions certainly exist, but there is insulUcient published ovidonce 
to decide whether any of tho ochoes already olisorvod aro actually iliio to such showers. 
More conchisii e ovideiico could bo obtamod from tho frequency-sue ilistribution of 
tho radio ochoes observed fitim a horizontal or vertically ilireotod beam. 
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